Measurement of engineered nanoparticles in foods - electron microscopy method development and validation by Dudkiewicz, AD
  
Measurement of engineered nanoparticles 
in foods - electron microscopy method 
development and validation  
 
 
 
 
Agnieszka Dorota Dudkiewicz 
 
PhD Thesis 
 
 
 
 
 
 
 
 
 
University of York 
 
Environment Department 
 
 
 
March 2014 
Abstract 
2 
 
Abstract 
The increasing interest in use of nanotechnology by the food industry brought 
concerns over safety of engineered nanoparticle application in the foods and food 
contact materials. To aid the risk assessment in 2010 a project NanoLyse was funded 
by the European Union under Framework Programme 7. The project was focused on 
the development and validation of methods for analysing engineered nanoparticles in 
food matrices. The research presented in this thesis was a part of NanoLyse and was 
concerned with electron microscopy methods.  
The aim of this research was optimization of sample preparation procedures and 
validation of electron microscopy as an analytical technique for engineered 
nanoparticle measurement in foods. Thus the comparison of different sample 
preparation techniques was carried out for engineered nanoparticles in food matrices. 
Best procedures were chosen: blotting for liquid and sedimentation of the sample 
onto electron microscopy grid for solid food samples. These sample preparation 
techniques were then included in validation of electron microscopy.  
In view of unavailability of the reference materials electron microscopy results were 
compared against other analytical methods selected based on the literature review. 
These techniques were: nanoparticle tracking analysis, gas-phase electrophoretic 
mobility molecular analyser, centrifugal liquid sedimentation and asymmetric flow 
field flow fractionation. To render the comparison possible also for studied 
aggregated, non-spherical particles of synthetic amorphous silica, the concept of data 
transformation into mass equivalent diameter was developed. Thanks to this it was 
possible to note that electron microscopy tended to overestimate small particle 
number in size distribution due to the sample preparation. Subsequently sample 
preparation for electron microscopy was calibrated for the measurement of 
engineered nanoparticles of silica. Lastly remaining challenges and knowledge gaps 
in regards to the measurement of engineered nanoparticles in food were highlighted 
and discussed against NanoLyse project achievements. 
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Chapter 1 
Introduction 
Nanotechnology is a technology employing materials with at least one dimension 
smaller than 100 nm (Tiede et al., 2008). These materials feature different properties 
to their chemical bulk or ionic counterparts and thus are now or beginning to be 
exploited in new products in many branches of industry. A constantly updated 
inventory of consumer products containing nanomaterials is available from 
www.nanotechproject.org.  
One of the industries applying nanotechnology is the food and beverage sector. The 
numerous applications of engineered nanomaterials or engineered nanoparticles 
(ENPs) in this sector are summarised in several review publications (Chaudhry et al., 
2008; Chaudhry and Castle, 2011; Blasco and Picó, 2011; Cushen et al., 2012) and 
include use for improvement of shelf life, sensory quality or nutritional value of 
foodstuffs. Examples of types of ENPs in use in the food sector include nano-silver 
which is used as an antimicrobial in food packaging (Mahdi et al., 2012); nano-silica 
which acts as a taste intensifier in dietetic beverages (MRC, 2009); nano-cellulose 
which is used for moisture retention (Ström et al., 2013); and nano-encapsulates 
which render lipophilic vitamins suspendable in water (Haham et al., 2012).  
Alongside these new developments, recent research findings have reported the 
existence of ENPs in approved food additives, including titanium dioxide-E171 and 
synthetic amorphous silica (SAS)-E551, which have been used industrially for 
several decades. Nanoparticles can also be introduced to the foods as contamination 
resulting from the production process. For example Gatti et al. (2009) detected metal 
nano and micro contaminants on the surface of bread and biscuits. Finally food itself 
is composed of natural nanomaterials. Many of the compounds that make up food 
can be smaller than 100 nm in size e.g. casein micelles in milk (Bijl et al., 2014). 
The presence of natural and contaminating nanoparticles in foods is expected to 
hamper detection and characterisation of any added ENPs.  
The characterisation of ENPs in foods is important not only from the industrial new 
product development point of view but especially for the assessment of risks to 
consumers. ENPs are a new range of food additives and as such require specific 
regulation. Studies into the toxicity of ENPs conducted in recent years have raised 
Chapter 1 Introduction 
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many concerns regarding potential effects on human health (Norwegian Pollution 
Control Authority, 2008; Fede et al., 2012; Asghari et al., 2012). The results of these 
studies indicate that for risk assessment purposes, a range of characteristics of an 
ENP may need to be considered, including aggregation state, surface charge, shape, 
structure, dissolution rate, chemical composition and mass, particle number 
concentration (PNC) and specific surface area (SSA) (Norwegian Pollution Control 
Authority, 2008; Hagendorfer et al., 2012; Buffet et al., 2011). The rationale for this 
is discussed in the following paragraphs. 
Aggregation causes an increase in particle size and a decrease in the PNC and SSA 
of ENPs. Generally aggregation is considered beneficial from a toxicological point 
of view as it has been shown that smaller ENPs are taken up more easily by cells 
(Hillyer and Albrecht, 2001; Liu et al., 2010) and thus aggregation is believed to 
make ENPs less toxic (Fede et al., 2012). However, aggregation likely results in 
changes in reactivity and functionality of the ENPs, which may pose a problem in 
regards to the desired application of an ENP in food. Aggregation of ENPs can be 
prevented by electrostatic stabilisation or steric stabilisation. Electrostatic 
stabilisation is created by repulsive electrostatic double layer forces between charged 
ENPs. The charge of the ENP in the environment in which the ENP is dispersed 
depends on factors such as the pH and ionic strength (IS) of the environment and can 
be determined from the Zeta potential (ζ) of the particle. Steric stabilisation involves 
the use of long chain molecules as ‘capping’ agents on the particle surface. The 
capping agents provide steric hindrance for the agglomeration of particles 
independently of pH or IS of the dispersion environment. Examples of capping 
agents include surfactants, polymers and proteins. Of special interest are interactions 
of the ENP surface with proteins, since they may influence the fate and uptake of 
ENPs in an organism (Lynch and Dawson, 2008). How these interactions proceed 
depends on several ENP features such as the surface charge (Bouwmeester et al., 
2009) and the structural properties such as shape and crystallinity.  
Shape is a very important factor which might influence uptake and distribution of an 
ENP within humans and other mammals and hence its toxicity (Norwegian Pollution 
Control Authority, 2008). Shape dependent toxicity might explain the toxicological 
effects of carbon nanotubes which, though much smaller in diameter, are shaped 
similarly to asbestos fibres and act in a similar manner to asbestos, causing necrosis 
Chapter 1 Introduction 
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of the lungs in mice (Lam, 2003). It needs to be mentioned that shape is not the only 
explanation for the toxicity of carbon nanotubes and that a combination of properties 
associated with particular material used in the study may lead to different result 
(Donaldson et al., 2006).  
Crystallinity has an impact on the stability of an ENP and its reactivity (Jiang et al., 
2008b; Barnard et al., 2010). For example amorphous forms of titanium dioxide 
ENPs have been found to have the stronger oxidative abilities when compared to 
crystalline forms (Jiang et al., 2008b). This property has to be considered in food 
industry applications since reactive oxygen species, when accumulated in the body, 
are harmful, sometimes resulting in carcinogenicity and causing many other 
disorders (Diplock et al., 1998). Furthermore, reactive oxygen species may reduce 
the shelf life of a food product and affect its structure (Chen et al., 1999).  
Dissolution rate is as important as aggregation state. Ions will behave very 
differently than ENPs and in some instances may be more toxic (Misra et al., 2012). 
For example the gradual dissolution of silver ENPs explains the increases in toxicity 
of stored dispersions to human mesenchymal stem cells (Kittler et al., 2010). The 
functionality of an ENP, which also depends on their chemical composition, will 
have a strong effect on the behaviour of an ENP. The food industry uses this to their 
advantage when designing ENPs for use in novel products (Chaudhry and Groves, 
2010).  
Mass concentration can be measured for ENPs as for ‘traditional’ substances. 
However a more useful measure of exposure may be the PNC of SSA. PNC and SSA 
are closely connected to some of the other ENP features described above such as 
size, aggregation and dissolution and density. 
A wide range of methods is available for detection and characterisation of ENPs. 
Numerous detailed reviews of these methods are available in the literature (e.g. 
Tiede et al., 2008; Luykx et al., 2008; Linsinger et al., 2012 and Dudkiewicz et al., 
2012- Annex 2). Methods include chromatography based techniques, imaging 
techniques, spectroscopy based techniques and mass spectrometry. Nevertheless, no 
single method is able to measure all of the ENPs’ features described above. Table 1.1 
provides an overview of different method capabilities for the characterisation of the 
listed ENP properties. The electron microscopy (EM) based methods are described in 
more detailed in Chapter 2.  
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Table 1.2- Use of analytical methods for characterisation of some ENP features- marked with “+” (Dudkiewicz et al., 2012) 
1Field flow fractionation, 2Capilary electrophoresis, 3Small angle x-ray scattering, 4Small angle neutron scattering, 5X-ray diffraction, 6Nuclear magnetic resonance, 7Ultraviolet visible 
spectrometry, 8Mass spectrometry, 9Centrifugal liquid sedimentation, 10Brunauer-Emmett-Teller, 11Differential scanning calorimetry, 12Field flow fractionation coupled to static light scattering, 
13Sedimentation field flow fractionation coupled to dynamic light scattering. 14Electrophoretic light scattering 
 
Size & Size 
distribution 
Aggregation Dissolution Chemistry Shape Structure 
Surface 
charge 
Particle number 
concentration 
Mass 
concentration 
Surface 
area 
Chromatography +  +        
FFF
1 
+ + +  
FFF-
SLS
12
, 
SedFFF-
DLS
13 
     
CE
2
 + + +     +   
Microscopy and coupled 
analytical techniques 
+ + + + + +    + 
Light Scattering + + + +   ELS
14
 +   
SAXS
3 
+ +   + +    + 
SANS
4 
+ +   + +     
XRD
5 
 +  +  +     
NMR
6 
+ +  +  +     
UV-Vis
7 
+ +       +  
MS
8 
SPMS   +  +   +  
Ultracentrifugation/CLS
9 
+ + + + + +   +  
Filtration +  +        
Dialysis   +        
BET
10 
         + 
Particle Counters + +      +   
DSC
11
  +         
Raman Spectroscopy +   +  +     
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Further challenges with characterisation of ENPs in food products include sample 
preparation and presence of natural and contaminating nanostructures in foods as 
mentioned above. Care has to be taken when preparing a food sample for analysis so 
that the sampling is representative. In some cases ENPs can be expected to be 
localized in restricted areas of the sample. For example, in the case of migration 
studies from food contact materials, analysts can expect that ENPs are situated on the 
surface of the food packed in the contact material.  
For some ENPs (e.g. carbon-based ENPs), it may be difficult to distinguish the ENP 
from the background. For example, nano delivery systems are usually composed of 
lipids, proteins or polysaccharides (Luykx et al., 2008), which are all naturally 
present in food products making detection very difficult. 
It needs to be mentioned that characterisation of ENPs in general, even in a pristine 
dispersion, is already challenging. Size characterisation of ENPs, for example, faces 
two major difficulties: lack of reference materials (especially for ENPs characterised 
by a broad size distribution) and incomparability of the measurement results in 
between the methods for ENPs which are not spherical. Many of ENPs are spherical 
but can undergo agglomeration/aggregation after being added to food. Others might 
be aggregated as a result of the production process like the mentioned food additives 
SAS and titanium dioxide E171. For these types of ENPs size data are expressed in 
different ways by different methods (Table 1.2). Thus the interpretation of 
measurement results and comparison in between the studies is very arbitrary. 
Furthermore no full validation of the measurement of such ENPs can be carried out, 
because the accuracy of the techniques cannot be assessed. Nevertheless 
characterisation of the particle size distribution is very important from the 
toxicological as well as regulatory point of view. Recently, the European 
Commission (EC) issued a recommendation on the definition of nanomaterial (The 
European Commission, 2011). This recommendation states that a substance will be 
considered as a nanomaterial if 50% of the particle number within a sample is within 
size range of 1-100nm. Such a definition adds another challenge as very few 
methods are able to measure particle size distribution based on number (PNSD) 
rather than mass (Linsinger et al., 2012; Calzolai et al., 2012). 
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Table 1.2- Definitions of particle measurements provided by the different 
techniques 
1
Scanning mobility particle sizer, 
2
Gas-phase electrophoretic mobility molecular analyser, 
3
Hydrodynamic chromatography, 
4
Size exclusion chromatography, 
5
Nanoparticle tracking analysis, 
6
Single particle inductively coupled plasma with mass spectrometry detection, 
7
Multiangle laser light 
scattering 
The European Food Safety Authority (EFSA) in their “Guidance on the risk 
assessment of the application of nanoscience and nanotechnologies in the food and 
feed chain” recommends the use of at least two methods for ENP characterisation 
(EFSA Scientific Committee, 2011). According to this guidance one of these 
methods should be EM. EM enables visualisation and characterisation of such ENP 
features as PNSD, shape, crystallinity and, when coupled to spectrometric 
techniques, also elemental composition. The great resolving power of EM is a result 
of the application of an electron beam with a wavelength well below the nanometer 
range. Optical microscopy, operating at wavelengths λ in the range of 400-800 nm 
and numerical aperture (NA) ~1, Abbe’s diffraction limit d=λ/2NA gives a 
resolution of ~ 200 nm. Since the wavelength of an electron beam is much shorter 
than the one achieved by light, the resolution of EM will be much higher. For 
example, an EM working with an acceleration voltage of 100 kV allows theoretically 
to achieve wavelength of 0.0037 nm (Kachlicki, 2007a). 
Measurement 
Techniques providing 
measurement 
Definition 
Equivalent Circle Diameter 
(ECD) 
Microscopy 
Diameter of the circle 
with same projected area 
as the particle 
Electric Mobility Diameter 
(EMD) 
CE, SMPS
1
, GEMMA
2 
Diameter of the sphere 
which has same electric 
mobility as the particle 
Stoke’s Sedimentation 
Diameter (SSD) 
CLS 
Diameter of a sphere with 
same sedimentation 
velocity as the particle 
Hydrodynamic Diameter 
(HDD) 
HDC
3
, SEC
4
, FFF. DLS, 
NTA
5 
Diameter of a sphere with 
same diffusional 
behaviour as the particle 
Mass Equivalent Diameter 
(MED) 
SP-ICP-MS
6 
Diameter of a compact 
sphere of same mass as a 
particle 
Radius of Gyration (Rg) SLS, MALLS
7
 
Root mean square of the 
distances of the points on 
the object’s perimeter to 
it’s center of gravity 
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Two main EM imaging techniques are employed for ENP detection and/or 
characterisation, namely scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM) (Calzolai et al., 2012). The various EM methods (Figure 
1.1) are briefly described below and elaborated in more detail in Chapter 2. 
 
 
Figure 1.1- Overview of EM methods suitable for ENP characterisation 
in food matrices 
SEM creates an image by scanning the sample surface with a low energy electron 
beam (1-30 keV) and detecting the scattered electrons. This technique is used for 
imaging of the sample surface and can provide images with great depth of field, 
where the whole area of the micrograph is in focus. In a focused ion beam SEM 
(FIB-SEM), the ion beam can cut into the material being analysed and a solid 
specimen can be sectioned for 3D imaging while being able to observe the process 
(this can also be achieved with in-situ microtomes) (Denk and Horstmann, 2004). 
In TEM, a high energy (80-300 keV) electron beam is transmitted through a very 
thin layer of the sample. A fraction of the beam is scattered on the sample while 
some electrons can be transmitted with little change in energy or direction. Contrast 
in TEM is based on detection of these beam interactions with the sample, providing a 
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high resolution image and allowing characterisation by numerous spectrometric 
techniques (see Chapter 2).  
Although EM has been used for decades to characterize nano-sized objects like 
particles, viruses and colloids in complex matrices (Bergh et al., 1989; Leppard et 
al., 1996; Doucet et al., 2005; Domingos et al., 2009; Tiede et al., 2009c) and has 
advantages over other analytical methods in terms of the types and quality of 
information it can provide on ENPs, the technique suffers from many drawbacks. For 
example, it requires sample preparation, which might be complex and time 
consuming, as well as induce alterations to the sample (see Chapter 2). Additionally 
EM is only able to characterise only a very small volume of the sample at once 
(order of pL), which means that the limit of detection (LOD) is likely to be very high 
in comparison to other analytical solutions. The volume constraint also limits the 
number of ENPs that can be analysed in EM and may pose a challenge when it 
comes to representative sampling. The quantity of ENPs which need analysing to 
obtain reproducible data has been discussed in several papers and some authors 
recommend measurement of at least 500 ENPs (Linsinger et al., 2013). EM is also 
an expensive method to use and consequently acquisition of data on so many ENPs 
might not always be possible from an economic viewpoint. Data on measurement 
reproducibility for ENPs in foods by EM methods are so far not available. 
Additionally for ENPs with broad size distribution and non-spherical shape it is 
difficult to apply other approaches which could aid assessment of ENP measurement 
trueness for EM because of above mentioned discrepancies in size definitions. These 
drawbacks require addressing, to aid the further development of appropriate 
guidance on the measurement of ENPs in foods using EM and to give confidence in 
the data generated from EM analyses of food materials.  
1.1 Aim and objectives 
The overall aim of this research was to develop improved procedures for the 
detection of ENPs in food materials by EM methodologies. This was achieved by: 
1. Performing a literature review of available EM techniques and sample 
preparation procedures that might be appropriate for detection and 
characterisation of ENPs in food (Chapter 2) 
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2. Developing and assessing EM sample preparation protocols for liquid and 
solid food samples containing ENPs (Chapter 3) 
3. Developing a detailed understanding of the performance of EM methods for 
measurement of ENPs in foods addressing such issues as: minimal measured 
number of particles required to produce good results, LOD and measurement 
precision (Chapter 4) 
4. Developing of a novel approach for manipulation of nano-measurement data 
to allow comparison of data arising from different techniques (Chapter 5).  
5. Applying the approach developed in objective 4 to assess the methods 
developed in objectives 2 and 3 against other available analytical approaches 
(Chapter 5).  
6. Refining  EM methods for the accurate assessment of ENP size distribution 
using the findings from objective 5 (Chapter 6)  
7. Exploring the implications of the findings of the project for end users 
(Chapter 7) 
The study focuses predominantly on two types of ENPs used in the food 
industry, namely Ag ENPs and SAS ENPs. EM images of these ENPs were 
contained in Figure 1.2. Ag ENPs are used in numerous food contact materials as 
well as some food supplements. Current EU regulations do not allow these 
products on the European market, nevertheless they can be purchased using the 
World Wide Web. There is also research ongoing on the application of Ag ENPs 
in automated food processing, which faces challenges in regards to 
microbiological cross-contamination of products.  
In contrast to the Ag ENPs, the industrial application of SAS in the food industry 
in Europe is well established. SAS is used as an anti-caking agent or filler in 
foods. The material has been ‘generally regarded as safe’ for decades and a 
recent risk re-assessment (after fractions of ENPs in SAS were detected) suggests 
that there is no basis for concern over the consumption of SAS at current 
estimated daily food intakes (Dekkers et al., 2010). Nevertheless SAS might fit 
into the description of the EC recommendation for the definition of nanomaterial 
(The European Commission, 2011). If it does, then foods containing it will 
require new labelling from December 2014 (European Commission, 2012). 
Nevertheless, measurement of PNSD of SAS is likely to be challenging. One of 
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the reasons is the shape of these ENPs. SAS is obtained by burning silicon 
tetrachloride using an oxygen-hydrogen flame. In the process Silica droplets are 
formed and collide with each other creating stable aggregates (Barthel et al., 
1999). Therefore, unlike Ag ENPs, SAS is comprised of particle clusters (see 
Figure 1.2b and d). This means that different analytical methods are likely to 
produce very different PNSD for SAS. Additionally as silicon is a ubiquitous 
element and silica particles have a low refractive index, detection especially in 
foods is likely to be challenging. Therefore a major part of this research was 
devoted to the measurement and detection of SAS.  
 
Figure 1.2- SEM (a and b) and TEM (c and d) images of Ag ENPs (a and 
c) and SAS (b and d) 
This research was a part of EU funded NanoLyse project which focused on the 
development of analytical methods and reference materials for ENPs in foods. Nine 
institutions from Europe and one from Canada participated in the project and this 
research benefited from close collaboration with these institutions. Thanks to the 
collaboration it was possible to validate EM results against other analytical methods, 
such as GEMMA and AF4-ICP-MS and include in this research some of the first 
produced reference materials for ENPs in foods. 
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1.2 Structure of the thesis 
The thesis content is divided in chapters, appendices and annexes. The chapters 
comprise the main body of the thesis and describe majority of the research done 
during candidate’s studentship. Appendices are supporting information for the thesis 
which were removed from the chapters in order to preserve text coherency 
(Appendix 2 and 3) or/ and due to the repetition of the part of the research in 
different chapters (Appendix 1 and 4). Annexes are stand alone research pieces 
related to topic of the thesis and include work done by candidate during PhD. With 
the exception of Annex 1 all the annexes were published or accepted for publication. 
They were included in the thesis to strengthen claim of publishability of the results 
included in the Chapters 3-5, so far unpublished. Annex 1 includes application of 
findings in Chapter 5 and 6 to research results from previously generated research in 
Chapters 3 and 4. It was included in the thesis to highlight the importance of findings 
contained in Chapters 5 and 6 and their possible future applications. 
Chapter 2 A review of electron microscopy techniques 
27 
 
Chapter 2 
Characterisation of engineered nanoparticles in food by 
electron microscopy 
2.1 Introduction 
This review provides an overview of the applicability and suitability of EM 
techniques for characterisation of ENPs in food samples. Firstly methods of sample 
preparation for EM are reviewed and their limitations discussed. Then different EM 
imaging modes for application to samples in dry, frozen partly and fully hydrated 
state are introduced. Where specific techniques have not been applied yet for 
imaging of ENPs in food, examples have been taken from related fields such as 
nanomedicine, nanotoxicology and environmental nanotechnology.  
2.2 Sampling and sample preparation for electron 
microscopy imaging 
2.2.1 Sampling 
The first and very critical issue of sample preparation for EM analysis is the actual 
sampling regime itself. Since the sample volume that can be analysed by EM is very 
small, obtaining a representative set of samples from a complex structured bulk is 
challenging. Therefore a suitable number of replicates has to be prepared for each 
sample and ideally a uniform distribution of the sample components should be 
achieved. Sampling procedures should be selected based on e.g. type of ENP and the 
nature of the sample matrix. Additionally the small sample volume has an impact on 
the LOD (number of particles that can be visualised). If number concentrations are 
low then the imaging analysis could be like “looking for the needle in the haystack”. 
The volume will also affect quantification (e.g. particle number concentration or 
elemental quantification by coupled spectroscopic techniques). Therefore if the 
concentration of ENP in the sample is not high enough, separation and pre-
concentration techniques should be considered as described by e.g. Liu et al. 2009. 
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2.2.2 Sample preparation 
As the standard EM instruments operate under vacuum conditions, a food sample 
containing water cannot be introduced into the sample chamber without prior 
preparation. There are three ways of dealing with hydrated samples for EM imaging: 
 
 Chemical fixation/stabilization followed by dehydration or drying and 
conventional SEM or TEM 
 Imaging using environmental SEM (ESEM) or liquid capsules 
 Freezing followed by cryo-TEM or cryo-SEM  
These are described in more detail below. 
2.2.2.1 Sample preparation for imaging by scanning electron microscopy, 
transmission electron microscopy and focused ion beam- scanning 
electron microscopy 
When analysing food with intact cellular structures, such as meat, fruits and 
vegetables the aim is to minimize changes in the sample matrix in order to be able to 
observe the distribution and interactions of ENP within cells and tissue in the form 
that they will occur in the ‘real’ world. In general the methods of choice for 
preparation of these types of matrices include fixation of the specimen (e.g. with 
glutaraldehyde) and post-fixation (e.g. with osmium tetroxide) followed by chemical 
dehydration and either critical point drying for SEM or resin embedding for TEM 
and FIB-SEM. Liquid samples and emulsions such as milk, yoghurt or salad 
dressings, can be encapsulated in agar and prepared using the same methods (Kaláb 
and Larocque, 1996; Egelandsdal et al., 1999).  
 Chemical fixation and staining  
By preserving protein structure with glutaraldehyde and post-fixing unsaturated 
lipids with osmium tetroxide it is possible to perform imaging of fat and protein 
based processed food with minimal impact on the sample matrix. If the post-
fixation step is omitted, the fatty acids and unsaturated lipids will not be fixed. 
Osmium tetroxide also stains the lipids and has further impact on protein 
fixation. Other heavy metal stains such as uranyl acetate or lead citrate may be 
applied and a mordant, such as tannic acid, can be used to both enhance staining 
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and preservation of ultrastructures. For ENPs, the heavy metal staining may 
create or enhance contrast on the micrograph, if the particle material and matrix 
have a different affinity to the staining compound. The heavy metal can provide a 
negative contrast if it is moulded around the particle (or the particle coating) 
outlining its structure. For example, in studies of the uptake of polylactide ENPs 
in HeLa cells, heavy-metal staining of the cells enabled visualization of the ENPs 
using bright-field TEM by increasing the contrast (Musyanovych et al., 2008). 
The negative staining technique was originally developed for imaging virus 
particles and bacteria (Maunsbach and Afzelius, 1999), but also organic coatings 
on nanoparticles can be made visible. This method has been used to reveal e.g. 
creatine and albumin coatings on gold nanoparticles (López-Viota et al., 2009). 
However, staining can also lead to difficulties in distinguishing ENPs from 
densely stained organic structures of the same size. In some cases an 
unambiguous identification can be very difficult, for example it is impossible to 
distinguish between polystyrene nanoparticles and vascular structures in cells 
(Mühlfeld et al., 2007). Only a comparison of a sample that is known to contain 
particles with a blank sample will prevent misleading interpretation of such 
images and so the use of appropriate control samples is essential. 
 Chemical dehydration 
Dehydration of the sample with ethanol is considered to be the best choice for 
food matrices and may also improve the preservation of ENP structures 
compared to many other solvents that have traditionally been used e.g. acetone. 
Studies with silica nanoparticles have shown that agglomeration during sample 
preparation using this method is lower than if oven drying or freeze-drying were 
used (Rahman et al., 2008). However, ethanol dehydration cannot be used for 
food products with high levels of saturated fats or especially water soluble 
carbohydrates. Extensive chemical treatment may also induce artefacts. For 
example, removal of water and fat during sample preparation can lead to a 
removal of ENPs that are associated with one of the phases; and reactions 
between the chemicals used for sample preparation and the ENPs are possible. 
Therefore, the effect of the dehydration treatment on ENPs in a particular sample 
type should be fully evaluated before the method is employed for food analysis. 
 Drying 
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One approach to overcome the problems of loss of components due to chemical 
treatment is to use sample drying techniques. Liquid samples like soups or juices 
may be concentrated when dried directly on the microscopy substrate. This type 
of approach has previously been employed for the characterisation of ENPs in 
sunscreens (Lorenz et al., 2010) and is about most commonly applied way of 
preparing ENP suspensions for EM analysis (e.g.Tiede et al., 2009a; Park et al., 
2013; Luo et al., 2013- Annex 4). Drying can be accelerated by blotting off the 
excess liquid using e.g. filter paper. This prevents agglomeration artefacts in 
dried ENP dispersions (Novak et al., 2001). For food samples, drying methods 
can be applied, if the food matrix is liquid and its density is sufficiently low to 
allow the formation of a very thin film. Liquid samples may also be diluted by 
solvents such as methanol to increase spreading during drying, but this may 
influence agglomeration state of ENPs (Lorenz et al., 2010).  
Good spreading of the drop on the TEM grid is important to enhance the 
distribution of the ENPs on the grid surface. Drop spreading can be enhanced by 
inducing hydrophilicity of the grid coating (Hayat, 1989a). Another way of 
dealing with grid hydrophobicity is sedimentation of the sample on the top of the 
grid using ultracentrifugation (Lienemann et al., 1998). This technique can be 
used to provide quantitative data on particle concentration (Zheng et al., 1996). 
Milder methods of water removal such as freeze-drying may also be used. Using 
this approach, the sample does not have to be chemically treated and rapid 
freezing can be used to preserve surface structure (5-10 µm deep) (Bozzola, 
2007). Fast freezing followed by sublimation is an alternative approach for 
drying ENP suspensions (Domingos et al., 2009). A further advantage of 
removing water from a sample, especially highly hydrated, is that the ENPs can 
be enriched in the residue which simplifies the detection and analysis. However, 
artefacts are more likely due to the higher density and structural change of the 
sample. 
 Preparation of thin sections for transmission electron microscopy 
imaging 
One of the most challenging steps in TEM is the preparation of a sufficiently thin 
sample that allows the electrons to pass through. More complex food samples 
can be embedded in resin and cut in 15-90 nm thin sections (Kaláb et al., 1995) 
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by means of ultramicrotomy. Ultramicrotomy is the standard method for 
preparing thin sections of resin embedded biological materials by sectioning the 
sample with the cutting edge of a glass or diamond knife (Villiger and Bremer, 
1990). The sample is mounted on an arm vertically moving with a defined speed 
against the knife edge. The cutting process is controlled under a binocular. 
Another option of thin section preparation offers FIB milling. More information 
about the method can be found in (Giannuzzi and Stevie, 1999). Liquid samples 
can be prepared as resin embedded specimen for TEM imaging without 
sectioning. For this purpose a water soluble melamine resin, such as Nanoplast, 
is added into the sample. A drop of the specimen is then deposited on the TEM 
grid mounted on horizontal centrifuge. Horizontal centrifugation removes excess 
of the liquid from the grid forming sufficiently thin layer for TEM imaging and 
added resin polymerizes preventing drying artefacts (Perret et al., 1991; Plathe et 
al., 2010). 
2.2.2.2 Sample preparation for imaging by liquid cell technique and 
environmental electron microscopy 
Liquid cell technique and ESEM often do not require any sample preparation, 
enabling imaging of the specimen in its unperturbed state. However to enhance 
visualisation of the fraction of interest in the sample some pre-treatment may be 
given to the sample. For example, Quantomix
TM
 capsules used in the liquid SEM 
technique ‘WetSEMTM’ are suitable for centrifugation, therefore this method could 
be used to increase adhesion of fraction of interest to the capsule membrane (Koh et 
al., 2008). The membrane of the capsule can also be treated with substances such as 
gelatine or poly-l-lysine improving specimen adhesion as demonstrated for ENPs in 
environmental matrices and sunscreens (Lorenz et al., 2010; Tiede et al., 2009c).   
2.2.2.3 Sample preparation for imaging by cryogenic methods 
Samples can be prepared for EM imaging using “physical fixation” by freezing the 
sample. Water is often part of the ultra structure of biological samples or food 
matrices and drying the samples will change the structure dramatically. In principle, 
freezing is the ideal method because chemical treatment and therefore sample 
alteration can be avoided. The key to good sample preparation in cryo-EM is the 
freezing process. As ice crystals grow, only water molecules are incorporated into 
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the ice crystals, and the specimen is thereby segregated into crystals of water and 
ridges in- between containing enriched regions with the dissolved material, such as 
solutes and macromolecules. Formation of large ice crystals can even rupture and 
destroy whole cells in biological samples. The preservation of the ultrastructure is 
thus dependent on the avoidance of formation of ice crystals or at least preventing 
from growing larger than the structures of interest in the sample. Obtaining 
amorphous ice, so called vitrified water, from liquid water by ultra rapid freezing 
was first reported in the beginning of the 1980s (Bruggeller and Mayer, 1980). Even 
using ultra fast freezing, the thermal conductivity of water will limit the cooling rates 
inside specimens and vitrification of samples thicker than a few microns is 
impossible without addition of cryoprotectants or application of very high pressure 
(Dubochet, 2009).  
Different freezing methods are available including plunge freezing (rapid immersion 
freezing), contact freezing (metal mirror/slam freezing), spray freezing (propane jet) 
and high-pressure freezing (Maunsbach and Afzelius, 1999; Cavalier et al., 2009). 
The choice of method depends mainly on the dimension of the sample. In the 
absence of cryoprotectants, large samples with dimensions of millimetres to 
centimetres are not likely to be preserved without ice crystal damage. These samples 
have to be infiltrated with a cryoprotectant like glycerol or sucrose before they can 
undergo freezing. For liquid samples, like suspensions and emulsions, plunge 
freezing can be applied where the sample is plunged into a coolant like liquid 
propane, ethane or nitrogen. Instruments for plunge freezing are commercially 
available but also homemade solutions exist. Typically the liquid, e.g. a suspension, 
is pipetted on a microperforated, glowdischarged cryo-TEM grid, the excess of 
liquid is removed by blotting and the grid is plunged into the coolant.   
If a preservation of a thin layer (5-20µm) on the sample surface is sufficient, the so 
called contact freezing technique can be used (Leforestier et al., 1996). The sample 
is rapidly slammed against a cold polished metal surface with high heat conductivity. 
Because of the generally low heat conductivity of the samples only a surface layer is 
frozen with a sufficiently high speed to avoid ice crystal formation. Another method 
is spray freezing (Knoll et al., 1982). There, the sample is placed between two plates 
and a jet of liquid propane cooled with liquid nitrogen is applied. The high dynamic 
pressure of the jet guarantees fast cooling. With high pressure freezing samples of up 
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to 200 µm thickness can be vitrified. The method utilizes the fact that water expands 
during crystallization by applying a large pressure to the sample during freezing thus 
counteracting ice crystal formation. The drawback of high pressure freezing is that it 
requires relatively expensive instrumentation, even though references of 
‘homemade’ high pressure freezing, exploiting the expansion of water during 
freezing in closed containers do exist (Hayashi et al., 2002; Leunissen and Yi, 2009).  
Cryo-SEM might require sectioning of the sample by means of the so-called freeze-
fracture method. The sample is fractured and inspected under cryogenic 
temperatures. Freeze-fracture provides access to the inside of a bulk sample. 
Samples have a tendency to break at the natural planes of weakness e.g. such as the 
hydrophobic interior of cellular membranes (Branton, 1966). The fracture can be 
succeeded by sublimation of water from the ice surface to reveal more of the 
embedded solid structure (Moor and Muhlethaler, 1963). 
There are several possibilities to prepare cryo-fixed samples for TEM. Plunge frozen 
samples can be directly investigated in a TEM equipped with a cryo-sample transfer 
holder. Samples from contact, spray or high pressure freezing can undergo freeze 
substitution, i.e. dehydration at low temperatures in parallel with infiltration of a 
resin (Maunsbach and Afzelius, 1999). Subsequently, the sample can be treated as a 
chemically fixed one.  
Another possibility is to fracture a sample that has been sandwiched between plates 
during freezing. The plates are separated in a special device and a replica of the 
freeze fractured surface is made for TEM investigation, typically by shadowing with 
platinum or gold and carbon. Thicker samples (e.g. from high pressure freezing) can 
be sectioned in a cryo-ultramicrotome and the frozen sections investigated in a TEM 
equipped with a cryo-holder. This technique is known as CEMOVIS (Al-Amoudi et 
al., 2004). 
2.2.3 Improving localisation of engineered nanoparticles in the 
sample 
For some ENPs it is possible to use auto-metallography (AMG) or silver 
enhancement to increase the ENP size. In this process, silver from solution, is 
deposited onto existing particles so that they reach sizes visible in low magnification 
EM or even light microscopy. The basic principle is that silver ions adhere to the 
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catalytically active nanoparticle or crystal and are then reduced by electrons released 
from reducing molecules touching the nanoparticle. This method has successfully 
been applied for gold and silver ENPs, Quantum Dots (e.g. CdSe) and nanocrystals 
of metallic compounds generated in vivo (Danscher and Stoltenberg, 2006). 
To get an overview of the distribution of ENPs in an inhomogeneous sample it is 
helpful to visualize the presence of the particles at a relatively low magnification. In 
correlative optical and electron microscopy specific areas are identified by screening 
with e.g. a confocal microscope and then re-localized at the EM level. This approach 
is suitable for absorbing or fluorescing ENPs with sufficient contrast in TEM like 
metal ENPs or quantum dots (Nisman et al., 2004). Increasing the number of images 
and sub-samples, detection, representativeness and statistics can also be improved. 
2.3 Standard Electron Microscopy methods 
2.3.1 Scanning Electron Microscopy methods 
Pioneer experiments leading to development of SEM method were performed in 
1935 by Max Knoll. In next seven years first SEM was constructed in USA. The 
resolving power of the prototype was at a level of 1 μm, but soon was upgraded to 50 
nm (Jóźwiak, 2007). 
SEMs of today achieve resolutions of 1 nm using high resolution imaging 
instruments; and about 3 nm using conventional instruments. However, it has to be 
noted that the resolution that can be achieved strongly depends on the sample. 
Organic samples like food stuff need to be covered with a layer of electrical 
conductive substances like metal or carbon to avoid charging effects during imaging. 
Also, the energy of the electron beam has to be adjusted accordingly to avoid 
damage of the specimen.  
Contrast in SEM emerges from scattering of the electron beam by the sample. SEM 
employs several detectors that select specific energy ranges of the scattered signal. 
Low energy secondary electrons (SE) primarily provide information on the surface 
topography while high energy backscattered electrons (BSE) can be used for 
mapping contrast based on differences in atomic numbers, Z, of elements that the 
sample is composed of thereby providing good contrast for heavy and light elements 
such as Silver ENPs in cells (Koh et al., 2008). Images obtained with a BSE detector 
can give visible contrast when the difference between Z of elements is as low as 0.1 
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(Jóźwiak, 2007) and therefore provide simplicity of data interpretation superior to 
other imaging techniques.  
Samples for SEM are mounted on aluminium or carbon stubs by sticking with, for 
example, quick setting glue, epoxy cement, wax, silver paint or double sided sticky 
tape. Tapes can additionally contain carbon to avoid electrical charging of the 
sample. Unlike TEM, in SEM, prepared samples can be introduced for imaging in 
bulk form as there is no need for cutting thin sections. Generally sample preparation 
is less challenging for SEM imaging compared to TEM. For example liquid samples 
can be dried directly on SEM stub as demonstrated for sunscreens (Lorenz et al., 
2010) or closed in agar capsules which after chemical treatment undergo incision e.g. 
model salad dressings (Egelandsdal et al., 1999). SEM also gives the possibility of 
tilting the sample to allow observation from different angles and 3D imaging 
(Pouchou et al., 2002).  
The characteristic depth of field given by SEM micrographs is of great utility for 
food analysis as it allows the effects of ENPs on food structure to be established as 
well as the ENPs to be localised. The effectiveness of the technique has been 
demonstrated in studies on collagen cross- linking with gold ENPs for drug delivery 
system application (Castaneda et al., 2008). In this research SEM micrographs 
allowed the authors to measure the effects of the ENPs on the porosity of collagen 
gel while TEM analysis showed organization of ENPs in the gel structure. 
Compiling data from micrographs by SEM as well as TEM methods is a good 
practice, since SEM’s resolution range limits possibility of observations on ENPs 
morphology. 
Although conventional SEM is commonly used to visualise the specimen surface, in 
some studies samples are also fractured for analysing the internal structure. For 
example, in research on beef microstructures, samples were chemically fixed and 
after dehydration in ethanol, cryo-fractured (Palka, 2003). This way sample 
alteration was minimised since frozen ethanol does not form crystals. 
Another method for observation of a fractioned sample is FIB-SEM. Dual-beam 
FIB-SEM is a powerful alternative to TEM, when a large volume biological sample 
(e.g. whole cells, tissue) needs to be imaged. It is a hybrid 3D imaging technique 
combining FIB milling with SEM, where the two beams meet at their focal points. 
The ion beam is used as a cutting tool, milling slices off the sample, while the SEM 
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images the freshly cut surface. The third dimension is obtained by stacking of 
subsequent SEM images taken after each FIB sectioning of the bulk material 
(Principe, 2007). Resolution is limited to about 10 nm in 3D volumes and requires 
the particles to provide a good atomic number contrast in the extremely flat FIB-cut 
surface.  
Compared to TEM, FIB-SEM provides five-fold lower resolution of 5 to 10 nm in 
the X and Y dimensions and 10 nm in Z dimension (Winter et al., 2009). This allows 
correct imaging of organelles, cytoskeleton, nucleus, nucleolus, and vesicles, but 
prohibits detailed information on the lipid bilayer structure, and any single 
molecules. The main advantage, however, is the wide magnification range offered by 
SEM mode, and the available image volume of tens of micrometers: making the 
whole cell morphology and structure imaging easily achievable.  
An image of a sample prepared by FIB-SEM milling can be seen in Figure 2.1a 
(stained HeLa cell). 
FIB-SEM 3D images usually suffer resolution anisotropy (image anisotropy occurs 
when voxels (three dimensional pixels) that image is consisted of, instead of cubical 
are shaped in cuboids with variable edge length).This can only be avoided if the FIB- 
resolution is pushed to its limits: state-of-the-art FIB minimum probe size and 
position is stable for 10 nm slice milling (Winter et al., 2009) and thus slice 
minimum thickness can be very close to the lateral resolution set by the SEM. 
However, thicker sections are often needed when higher volumes are imaged and 
time is constrained, which creates vertical to lateral anisotropy. Another source of 
lateral anisotropy is caused by the angle between the two beams. In most of the dual-
beam systems, the electron beam is arranged vertically and the ion beam with an 
angle of 52º. Tilting of the sample stage allowing straight ion milling is commonly 
used. 
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Figure 2.1-(a) SEM image of FIB-milled block face of fixed, stained and 
embedded HeLa cell;(b) TEM image of silver ENPs in resin embedded, 
unstained rat tissue; (c) liquid SEM image of unstained coffee cream 
(BSE detector); (d) WetSEM image of metal-based ENPs in lake water; 
(e) Cryo-SEM image of freeze-fractured, uncoated oil-in-water emulsion; 
and, (f) Cryo-FIB-SEM image of adherent cell (3T3 fibroblast) after 
slight sublimation. All the images originate from work of the authors.  
2.3.2 Transmission electron microscopy methods 
The first TEM was constructed in 1931 by Max Knoll and Ernst Ruska, later winner 
of Nobel Prize in Physics. Because of its high resolution and availability in many 
laboratories, conventional TEM is frequently used in research on nanosized objects. 
The technique has found application in many studies on food nanostructures (e.g. 
Fishman et al., 1995; Auty et al., 2005) and therefore is regarded as promising tool 
for characterisation of ENPs within food matrices. The resolution in state-of-the-art 
TEM is about 0.07 nm and developments are aiming to upgrade it to 0.05 nm 
(TEAM, 2013). For TEM, resolution is strongly dependent on the thickness of the 
prepared sample and the accelerating voltage for the electrons- the higher the voltage 
the better the theoretical resolution. For imaging of food samples, especially 
containing structures prone to electron damage, the optimal accelerating voltage of 
TEM would be limited to up to 100 kV as for most biological samples.  
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There are several ways of acquiring an image by means of TEM and a more detailed 
description of these methods can be found in the literature (Kachlicki, 2007b). For 
bright field TEM imaging, scattered electrons are totally absorbed by an objective 
lens aperture and the un-diffracted part of the beam passes through the aperture hole 
to form an image. The user observes a dark object on bright background with 
absorption or interference contrast. In TEM bright field imaging of a non-crystalline 
sample contrast emerges mainly from differences in the sample thickness and 
differences in the sample density and Z, with thicker sample regions and regions with 
higher density appearing darker. Metal based ENPs typically give significant 
contrast in these matrices (e.g. Lorenz et al., 2010; Tiede et al., 2009c) as illustrated 
in Figure 2.1b showing a bright field image of silver ENPs in rat tissue.  
Bright field TEM is widely used technique in food research. It was applied for 
example in studies on morphology analysis and sizing of natural food nanostructures 
like starches (Fishman et al., 1995) and casein micelles (Auty et al., 2005).  
Dark field TEM imaging is based on detection of the fraction of the beam diffracted 
by the sample. This method visualises a bright object on dark background. Dark field 
imaging employed in scanning transmission electron microscope (STEM) allows 
imaging of nanoparticles and biological specimens without staining and with a sub-
nanometer spatial resolution (Liu, 2005). For imaging the distribution of high Z 
elements e.g. Silver or Gold in a light element matrix such as organic tissue, one can 
take advantage of the high angle scattered electrons in STEM that are mainly caused 
by the interactions of electron beam with atoms' nuclei (scattering is proportional to 
Z
2
). Detection is achieved by the high angle annular dark-field (HAADF) detector, 
placed in a circle around the electron beam. HAADF was for instance used to image 
gold ENPs with 4 nm resolution within a cell, which amounts to several micrometers 
of organic matters (Niels de Jonge, 2007). 
High resolution TEM (HRTEM) utilises interference contrast to provide resolutions 
capable of visualising atomic layers of crystalline samples and can be applied for 
imaging of crystalline ENPs within organic matrices such as food. For example 
Fayek et al. (2005) applied HRTEM for imaging and sizing of uranium oxide 
nanocrystals on the surface of bacteria. In some cases high resolution imaging 
enables identification of ENPs using their characteristic lattice spacing. This has for 
example been achieved for fullerenes (Porter et al., 2007). By observation of 
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coherent electron nanodiffraction patterns, details of the morphology and 3-D 
structure of ENPs can be revealed (Liu, 2005). The three dimensional arrangement of 
ENPs within a matrix can be observed by electron tomography. Tilting the sample 
holder in the microscope a 3D image can be obtained recording images of the sample 
at different angles followed by a computed back-projection (McIntosh et al., 2005). 
2.4 Electron microscopy of hydrated samples in their original 
state 
Imaging artefacts caused by invasive preparation methods can be partially overcome 
by relatively new developments in EM that allow imaging of hydrated and even fully 
liquid samples. A range of methods can be employed including liquid TEM, 
environmental TEM (ETEM), ESEM, liquid SEM/ WetSEM
TM
 and liquid scanning 
transmission electron microscope (Wet STEM) (Tiede et al., 2008).  
For example, techniques for high resolution imaging of liquid samples in TEM are 
being developed (resolutions of 0.3 nm have been reported by Liu et al. (2008) with 
9 nm oxide windows and 2-5 microns of water and of 3 nm by Peckys et al. (2009) 
with 50 nm silicon nitride windows and approximately 10 microns of water). Special 
microfabricated chips with thin film windows that can be penetrated by the electron 
beam are used for this purpose. These chips allow a sample to be imaged in its fully 
hydrated state thus avoiding any change from staining or dehydration. Typically the 
microchip has a sturdy substrate of silicon for mechanical stability and an opening 
containing the window. The material chosen for the window must be resistant to 
pressure and electron transparent in such a way that the contribution to the signal 
from the window can be said to be negligible (Liu et al., 2008; Peckys et al., 2009). 
This method has been used to observe the synthesis of ENPs (Zheng et al., 2009). It 
has been shown that high Z particles can be located in comparatively thick volumes 
of liquid and that the superstructure of organic composites such as cells can also be 
seen (Liu et al., 2008; Peckys et al., 2009). These devices would likely be able to 
provide new insights into the ENP interaction with food samples. 
The liquid cell method brings many of the advantages of ETEM to a regular TEM. 
With ETEM a partially hydrated sample can be viewed. The main difference 
between the liquid cell method and ETEM is the pressure of the liquid. In ETEM the 
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liquid exists as vapour and can only partially hydrate the sample. In the liquid cell 
method the sample can be completely immersed and hydrated. 
Imaging in ESEM involves detection of electrons scattered by the specimen surface 
and molecules of the gas in the sample chamber (Thiel et al., 1997). Though ESEM 
does not operate under atmospheric pressure it is possible to image samples with 
100% of relative humidity over the specimen surface, thus preventing water 
evaporation. While manipulating vapour pressure it is also possible to partially 
dehydrate the sample in the sample chamber. This practice may be very helpful for 
ENPs analysis, since e.g. in an aqueous sample imaged at 100% humidity, only the 
surface of the water droplet will be imaged and ENPs distributed within will not be 
visible (Doucet et al., 2005). ESEM does not need sample coverage with an 
electrical conductor since ions present in the water vapour neutralize charged 
regions. The technique does not require extensive sample preparation and therefore 
is good alternative for food products imaging in their native state as demonstrated for 
starch-containing imitation cheeses (Noronha et al., 2008). ESEM was also proven 
to produce high contrast images of nano and microsized inorganic contaminations in 
bread and biscuits (Gatti et al., 2009). In studies on natural nanostructures in surface 
water ESEM imaging was able to provide data on the primary structures of the 
particles while conventional SEM imaging shown aggregated colloids and particles 
(Doucet et al., 2005). The disadvantage of the method is worse resolution compared 
to conventional SEM imaging (10-100 nm) (Tiede et al., 2008). 
In WetSEM
TM
 a sample is encapsulated in a special device designed by 
Quantomix
TM 
allowing samples under fully liquid conditions to be imaged through 
an electron transparent membrane - similar to the liquid cell technique used for 
TEM. This method is suitable for imaging objects made of elements with high 
atomic numbers, which will give good contrast on the micrograph (Quantomix, 
2011). Water and fat present in the sample may be clearly distinguished by this 
method (Quantomix, 2011; Molero et al., 2009) WetSEM
TM
 is a good option for 
analysis of metals and metal oxides in environmental samples in their unperturbed 
state (Tiede et al., 2009c), therefore is also promising technique for investigation on 
liquid foodstuff in their native state. Figures 2.1c and 2.1d show liquid SEM image 
of coffee cream and WetSEM
TM
 of metal-based ENPs suspended in lake water 
respectively. Like ESEM, the disadvantage of WetSEM
TM
 is that the resolution is 
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lower compared to standard methods (10-100 nm) (Tiede et al., 2008). Also ENPs 
will move in the liquid due to Brownian motion and therefore focusing can be a 
challenge (Lorenz et al., 2010; Tiede 2009c). The capsule membranes can also be 
prone to damage by the electron beam (Lorenz et al., 2010; Tiede et al., 2009c; 
Tiede et al., 2008). Another approach, WetSTEM, has a resolution of ~ 5 nm. For 
this method a drop of sample is applied on TEM grid. Then it is placed on TEM 
sample holder, fixed on SEM stub and inserted in an ESEM. Imagining of hydrated 
samples is achieved in annular dark field mode by employing BSE detector situated 
beneath the sample (Bogner et al., 2005).  
2.5 Cryo-electron microscopy  
Cryogenic scanning electron microscopy (cryo-SEM) is applied for investigation of 
the ultra-structure of bulk samples. The samples are kept frozen by a cryo stage in 
the microscope and viewed under high vacuum which allows for high resolution 
imaging. In some cases it is possible to view uncoated samples at low acceleration 
voltages because the samples are to some extent protected from beam-damage by the 
low temperature (see Figure 2.1e).  
The fracture planes in freeze-fracture are virtually impossible to control and in 
samples where the fracture does not reveal the structure of interest, for instance a 
cross section between heterogeneous materials or in cases where 3D imaging is 
desired it is possible to perform FIB-SEM on the frozen specimens (see Figure 2.1f). 
This has the advantage over ultramicrotomy that very small structures of interest can 
be selected by use of cryo-SEM prior to milling. 
It is always wise to compare several methods to avoid conclusions made on the basis 
of artefacts. A number of studies have employed both cryo-SEM and ESEM to 
hydrated samples. Cryo-SEM has the highest resolution, whereas ESEM enables the 
observation of dynamic changes to the structure (James and Smith, 2009). The 
combination of the two is beneficial to understanding the structure, as the 
micrographs can sometimes be complementary (Noronha et al., 2008). 
Cryo-SEM is likely to be a very useful approach for analysis of foreign nanosized 
objects embedded in food matrices as long as their structure can be distinguished 
from the structure of the food product. The method has been used in characterisation 
of ENP bio carriers (Gomes et al., 2010), polymer nanocapsules (Li et al., 2009) and 
even in visualisation of cellular uptake of polymer ENPs (Win and Feng, 2005). 
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For Cryo-TEM, contrast of biological specimens is achieved by slightly under 
focusing the sample. By keeping the thickness of the amorphous ice film low and 
working at low dose conditions high resolution imaging, for example of 15 nm gold 
ENPs with 0.2 nm lateral resolution, is possible (Balmes et al., 2006). Cryogenic 
samples are better able to sustain extended radiation and this results in improved 
image quality. In a recent paper 0.33 nm resolution was obtained in 3D on viral 
particles enabling 3D reconstruction of the detailed protein structure (Zhang et al., 
2010). The technique can be applied for imaging of ENP suspensions, like metal 
ENPs (Balmes et al., 2006), solid lipid ENPs (Jores et al., 2004) or micelles 
(Knudsen and Skibsted, 2010) and vesicles (Won et al., 2002). 
Cryogenic techniques are very useful for imaging of semi-liquid and solid food 
samples that cannot be fixed chemically, i.e. fat or polysaccharide based food like 
chocolate (James and Smith, 2009) and bread (Barcenas and Rosell, 2006), or 
samples where the preservation of the matrix structure is of strong interest, like meat 
(Larrea et al., 2007).  
2.6 Analytical methods coupled to electron microscopy 
Analytical EM allows the determination of the elemental composition of specimen or 
specific areas/spots of a sample. The most common example is energy dispersive x-
ray spectroscopy (EDS). EDS and wavelength dispersive spectroscopy (WDS) 
enable x-ray microanalysis of spectra emitted by atoms of the sample. WDS is much 
more precise than EDS as it also analyses light elements, but because of the high 
costs of the detector it is rarely used.  
EDS is a helpful tool for the identification of the chemical composition of ENPs and 
especially to distinguish between inorganic ENPs contained in an organic food 
matrix. EDS can be combined with SEM, TEM, WetSEM
TM
, liquid TEM, STEM, 
ESEM, ETEM and FIB-SEM.  
For TEM, HAADF and energy filter imaging (EFTEM), electron energy loss 
spectroscopy (EELS) is usually applied for characterisation of inorganic materials, 
however, this methods can also be useful for the identification of carbon based 
ENPs. The combination of EELS and EDS together allows elemental analysis of 
most elements since some are mainly detected by one of the methods. 
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EDS is generally better suited for detecting elements of high Z, whereas EELS can 
readily detect low-Z elements. For instance EELS has been used to image the 
distribution of carbon nanotubes in cells, since the nanotube EELS spectrum is 
slightly different from the carbon bound in organic materials (Porter et al., 2007).  
2.7 Data interpretation and analysis 
In most cases, the volume of a sample taken for EM is relatively small (order of pl) 
in comparison to the volume of the original food product or environmental material, 
e.g. for TEM a few µl are dried on a grid for analysis, whereas a typical bottle of soft 
drink contains several 100 ml. If the food product or environmental material is 
heterogeneous or an inhomogeneous distribution of ENPs within a homogenous 
material is expected, random sampling and the investigation of several samples is 
necessary to obtain representative results. Even if a relatively large sample volume is 
taken and prepared for analysis, e.g. for SEM, the volume that can be analysed is still 
limited. The detection of ENPs requires relatively high magnifications which limits 
the field of view. For biological samples, including e.g. cells and tissues, methods 
for sampling and quantitative analysis of ultrathin sections by TEM have been 
developed (Elias and Hyde, 1980; Mayhew et al., 2009).  
A major challenge is the analysis of samples with very low PNC of ENPs. Low 
PNCs can for example be expected if ENPs enter foodstuffs by migration from 
packaging materials. For a given mass concentration PNC of ENPs depends on their 
size and density of the material the ENP is comprised of. Having for example a 
sample with a mass concentration of silver ENPs of 0.01 % m/v, 18 ENPs could be 
expected per analysed volume of 1 µm³ if the particle diameter is 10 nm. In contrast, 
for 100 nm silver ENPs at the same mass concentration at least 55 µm³ have to be 
analysed to find a single particle. The LOD depends on the preparation and imaging 
technique and the ENP properties including, e.g. size, composition, but also on the 
size of the analysed volume.  
One should also keep in mind that for determining the size distribution of non-
spherical ENPs 3-dimensional information might be required. TEM, for example, 
shows only a projection of a certain orientation of the ENP, whereas, methods like 
FIB-SEM, tomography or single particle analysis, offer three-dimensional 
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information of the ENP size and shape. Nevertheless, these methods will have 
limitations at very low particle PNCs.  
Extraction of the data from EM images in a representative and reproducible way is a 
challenge. Precise qualitative and quantitative image analysis is therefore required. 
The accuracy of determining the average particle size and the PNSD of particles 
contained in a sample, for example, depends on the number of particles measured 
and a valid statistical approach might require thousands of measurements (Tiede et 
al., 2008; Hassellöv et al., 2008). Therefore automation of image analysis is crucial 
for extracting data in a reproducible and objective way. Many of the available image 
analysis softwares are, however, based on either manual or per pixel characterisation. 
Manual interpretation is often inexact and tedious, whereas per pixel classification 
may lead to errors e.g. in the correct determination of particle boundaries, especially 
in presence of background noise, which is typical for EM images. Innovative object-
based quantitative image analysing systems, which enable cross linking of 
neighboured objects, thus allowing structural and relational acquisition of 
information such as distance, relative positions and composition, may overcome 
these limitations (Tiede et al., 2008). Examples for the application of automated 
image analysis for sizing ENPs can be found in the literature (Tiede et al., 2010; 
Tiede et al., 2009a). 
2.8 Conclusions 
EM methods are capable of detecting and characterising ENP in a wide range of 
matrices. The potential of EM for observing interactions of ENP with complex food 
matrices is improving with refinement of existing techniques and the development of 
novel techniques such as the wet state imaging systems. The traditional EM methods 
are promising candidates for high resolution imaging of complex 3D structures 
containing known inorganic ENPs. However to date not much work has been done 
on ENP-food studies. The main challenge for researchers is sample preparation, 
which may not be adequate for foodstuffs containing ENP in the structure. Careful 
evaluation of the various methods, considering the highly varying sample matrices 
and types of ENP is strongly recommended. A guiding table covering the available 
EM choices, based on the research covered in this review, shows the main 
possibilities and some pitfalls (Table 2.1).  
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In most cases, the use of more than one of the available techniques should be 
considered in order to get complementary micrographs and to determine how 
processes of sample preparation may alter the structure of the sample. The EM 
analysis should naturally be backed by other analytical methods (Tiede et al., 2008). 
Figure 2.2 provides a potential decision tree to help the reader in selection of the 
most appropriate EM method(s) for a specific food sample.  
It is anticipated that EM imaging techniques will mainly be applied for the validation 
of detection and quantification methods. The localisation of individual nanoparticles 
in a real world food sample by EM, is very much like “finding a needle in a 
haystack” due to time-consuming analysis of small sample volumes and the issue of 
representativeness and reproducibility, and likely also wide range of natural 
nanostructures present in the sample. Therefore, EM would have to be performed as 
a complementary analysis to separation and analytical techniques for real world 
samples.  
Imaging of food samples containing ENP is still in the development stage. None of 
the discussed methods are complete and reliable just yet and the necessity of further 
research and validation of the methods against reference materials or/ and other type 
of analytical technique is highlighted by this review.  
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Figure 2.2- Decision tree illustrating choice of EM methods available for 
imaging of defined sample type 
In the next Chapter, methods for sample preparation for EM imaging to support ENP 
analysis are evaluated in order to identify the most appropriate methods for analysis 
and characterisation of ENPs in food materials. 
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Table 2.1- Overview of discussed EM methods suitable for ENP characterisation in food matrices 
Method and 
Approximate 
Resolution 
Type of food 
matrix 
Type of ENP and examples 
from the literature, 
references 
Advantages Disadvantages 
SEM 
Resolution- 1-10 nm 
 
Electron beam scanned 
over sample. Scattered 
electrons detected in 
each pixel. 
 
Food powders, 
meat, fruit, 
vegetables, 
emulsions, 
protein gels and 
protein based 
foodstuffs 
 
High atomic number eg. 
Au(Castaneda et al., 2008), 
Ag(Koh et al., 2008) 
Chemically different than 
food matrix eg. TiO2, 
ZnO(Lorenz et al., 2010) 
Organic with heavy metal 
stain contrast 
 
Imaging of food structure 
parameters eg. porosity 
(Dubochet, 2009), 
ENP preconcentration, 
ENP localisation in sample 
(Koh et al., 2008), 
EDS applicable, 
Freeze- dried specimens may 
be imaged (Castaneda et al., 
2008) in alternative to 
chemically fixed ones 
Water removal can alter 
structure of sample and 
induce ENP artefacts eg. 
aggregation 
Coating with conductive 
substance may obstruct 
elemental analysis, 
Mainly for analysis of 
prepared sample’s surface 
FIB-SEM 
Resolution- 10 nm in 3D 
 
Ion beam cuts sections 
imaged by SEM. 
Meat, fruit, 
vegetables, 
emulsions, 
Protein based 
foodstuffs 
As for SEM 
3D imaging of sample 
sections, 
Fracturing while imaging- 
controlled sectioning, 
ENP localization in sample, 
EDS applicable, 
FID applicable in cryo- SEMs 
 
If not frozen sample has to 
be embedded in resin- 
artefacts, loss of components 
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Method and 
Approximate 
Resolution 
Type of food 
matrix 
Type of ENP and examples 
from the literature, 
references 
Advantages Disadvantages 
TEM 
Resolution- 0.07 nm 
 
Electron beam passing 
through the sample. 
 
Non- turbid liquids, 
without suspended 
solids and low 
concentration of 
dissolved substances 
eg. clarified juices, 
meat, fruit, 
vegetables, protein 
based foodstuffs 
Inorganic eg. metal based 
ENM and quantum dots 
(Nisman et al., 2004), metal 
oxides TiO2, ZnO (Lorenz et 
al., 2010) 
Organic eg. polylactide in 
stained matrix (Musyanovych 
et al., 2008), fullerene C60 
and carbon nanotubes (Porter 
et al., 2007), differently 
shaped than sample 
components 
Detail imaging of ENP and 
sample morphology, 
Simple sample preparation 
for liquids, 
EELS, EDS and tomography 
for 3D image applicable, 
Possible staining of ENP 
coating 
Altered structure of sample 
ENP artefacts due to water 
removal, 
Solid samples have to be 
chemically treated- artefacts, 
loss of components, 
Very thin section of the 
sample needed- may be not 
representative, 
Particles may be damaged or 
misplaced during sectioning 
STEM 
Resolution- 0.07 nm 
 
TEM electron beam 
scanned over sample. 
Meat, fruit, 
vegetables, protein 
based foodstuffs 
High atomic number ENP eg. 
Ag (Niels de Jonge, 2007) 
HAADF detector applicable As in case of TEM 
  
Table 2.1- Continued 
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Table 2.1- Continued 
Method and 
Approximate 
Resolution 
Type of food 
matrix 
Type of ENP and 
examples from the 
literature, references 
Advantages Disadvantages 
ESEM 
Resolution 10-100 nm 
(Tiede et al., 2008) 
Liquids, 
emulsions, 
complex solid 
food samples 
Applicable for same 
as SEM if size is 
sufficient 
Minimal sample preparation, 
Dynamic changes in sample may be 
observed 
No coating needed for imaging, 
Sample may be observed in native state 
(Doucet et al., 2005), 
Controlled evaporation of water (Doucet 
et al., 2005), EDS applicable 
Resolution may be at times 
too low to detect ENP, 
FIB mode not applicable 
therefore only for surface 
analysis, 
Some particles may be 
covered by layer of free water 
(Doucet et al., 2005) 
WetSEM
 
 
Liquid sample contained 
in chamber with electron 
transparent window
 
Liquids, 
emulsions 
Applicable for same 
as SEM if size is 
sufficient eg. (Lorenz 
et al., 2010; Tiede et 
al., 2009c) 
 
No sample preparation required, 
No artefacts related with sample 
preparation 
Water and fat phase can be distinguished 
(Molero et al., 2009; Quantomix, 2011) 
EDS applicable (Bogner et al., 2005), 
Dynamic changes may be observed 
Resolution may be at times 
too low to detect ENP, 
FIB mode not applicable 
therefore only for surface 
analysis, 
ENP can move inside of the 
cell and be to far away from 
membrane to image them 
(Lorenz et al., 2010; Tiede et 
al., 2009c) 
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Method and 
Approximate 
Resolution 
Type of food 
matrix 
Type of ENP and 
examples from the 
literature, references 
Advantages Disadvantages 
Liquid TEM 
Resolution 0.3 nm in 
(Liu et al., 2008) and 3 
nm in (Peckys et al., 
2009) 
Liquids 
without 
suspended 
solids, non- 
turbid 
Metal based ENP and 
organic differently 
shaped than natural 
sample components 
No sample preparation required, 
No artefacts related with sample 
preparation, 
Dynamic changes may be observed 
(Zheng et al., 2009), EDS applicable, 
Cellular structures may be observed (Liu 
et al., 2008; Peckys et al., 2009) 
Low range of products which 
technique may be applied for 
ETEM 
Liquids 
without 
suspended 
solids, non- 
turbid 
Metal based ENP and 
organic differently 
shaped than natural 
sample components 
Sample observed partially hydrated, 
EDS applicable, 
 
Evaporation may alter the 
structure, 
Low range of products which 
technique may be applied for 
Cryo- SEM 
Resolution- 1-10 nm 
Liquids, 
emulsions, 
complex solid 
food samples 
Organic: nano bio 
carriers (Gomes et al., 
2010), polymer 
nanocapsules (Li et 
al., 2009), 
polymer nano 
particles (Win and 
Feng, 2005) and as 
for SEM 
Surface structure well preserved, 
Freeze- fracture and FIB applicable, 
No artefacts connected with chemical 
treatment, 
Sample less prone to charging when 
frozen, 
Applicable for whole range of food 
products (Barcenas and Rosell, 2006; 
Larrea et al., 2007; James and Smith, 
2009), 
EDS applicable 
Risk of ice damage to sample 
structure especially bigger 
samples 
Table 2.1- Continued 
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Method and 
Approximate 
Resolution 
Type of food 
matrix 
Type of ENP and 
examples from the 
literature, references 
Advantages Disadvantages 
Cryo- TEM 
Resolution- 0.33 nm 
Liquids, 
emulsions, 
complex solid 
food samples 
As TEM 
Staining and observation of ENP coating 
applicable (López-Viota et al., 2009), 
EDS applicable, 
Sample less prone to beam damage when 
frozen, 
No artefacts connected with chemical 
treatment, 
Applicable for whole range of food 
products, 
May achieve enough contrast without 
staining 
Risk of ice damage to sample 
structure especially bigger 
samples 
 
Table 2.1- Continued 
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Chapter 3 
Evaluation of sample preparation techniques for electron 
microscopy- analysis of silica engineered nanoparticles in a 
model tomato soup matrix   
3.1 Introduction 
As discussed in Chapter 2, the application of EM for the characterisation of particle 
size in foods, is challenging. Sample preparation of foods for EM imaging is 
generally unavoidable as foods typically have a high moisture content and a dry 
specimen is required for imaging by most EM techniques. Removal of water from 
the sample is however prone to introducing artefacts and may therefore alter the 
outcome of EM analysis. For example, some sample preparation protocols (e.g. 
drying) are known to induce particle agglomeration (Doucet et al., 2005), whereas 
others, such as deposition of particles by electrostatic attraction to the microscopy 
grid or by adsorption, are suspected to discriminate larger size-fractions of the ENP 
sample (Balnois and Wilkinson, 2002; Luo et al., 2013- Annex 4).  
Therefore, in the Chapter, studies to identify optimum approaches for sample 
preparation of food materials for EM analysis are presented. In focus of this study 
were methods which could be used for routine analysis and hence some of more 
complex approaches, such as e.g. resin embedding (Kaláb and Larocque, 1996) were 
not included. The aims of the studies were to: 1) evaluate the applicability of 
standard EM sample preparation methodologies used for imaging of other biological 
specimens (Chapter 2) for ENPs in food samples; and 2) test the impact of this 
sample preparation on EM measurement of ENP size.  
This was achieved by comparing the size and abundance of silica ENPs recovered 
from samples prepared using a range of different procedures for EM analysis with 
measurements provided by selected reference methods. Two reference methods able 
to measure ENPs directly in liquid dispersions were selected for the study, namely 
NTA (Carr and Malloy, 2013) and GEMMA (Bacher et al., 2001). These techniques 
were chosen based on their ability to provide PNSD, rather than particle size 
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distribution weighted by mass, which is relevant to the results generated by EM 
analysis.  
3.2 Experimental design: 
3.2.1 Test particles 
SAS (AERODISP® W 7520 N), made up as aqueous dispersion in NaOH at a 
concentration of 4% w/w, were purchased from Evonik (Hanau, Germany). An 
estimation of the mean particle size of 120 nm analyzed by SLS (Horiba LA 910) 
was provided by the manufacturer. The dispersion was further characterised, bottled 
and distributed by the JRC Institute of Materials and Measurement (IRMM) (Geel, 
Belgium), who were also a partner of the NanoLyse project. The pH of the 
dispersion was determined to be 8.2 and therefore a negative charge of the particles 
could be expected (Gun’ko et al., 2001). The SAS dispersion showed a positively 
skewed size distribution with broad particle size range, dependant on the analytical 
method and measurement expression (see Chapter 5). 
Two aqueous suspensions of Klebosol spherical silica ENPs, both at a concentration 
of 30% w/w and of nominal sizes of 12 nm (manufacturer id.: 30V12; K12) and 80 
nm (manufacturer id. 30V50; K80) respectively, were kindly provided by AZ 
Electronic Materials (Trosly-Breuil, France). The manufacturer used the Sears’ 
titration method to estimate particle specific surface area of which the mean number 
weighted diameter was derived. Further analysis by GEMMA and SEM showed a 
bimodal size distribution of the K80 dispersion (first peak: approximately 28 to 62 
nm, second peak: approximately 70 to106 nm, see Chapter 5) and a particle size 
distribution with a single, resembling Gaussian peak (approximately 12 to 50 nm- 
see Chapter 5) of the K12 dispersion. The two dispersions were mixed (Kmix) to 
generate a sample showing 3 distinct size fractions during analysis. Kmix contained 
3.5 % w/w of K80 and 0.04 % w/w of K12 in borate buffer at pH 8 (BB8.0). The 
buffer’s composition was: 0.05M H3BO3, 0.05M KCl, 0.004M NaOH. SEM images 
of K12, K80 and Kmix are given in Figure 3.1. 
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Figure 3.1- SEM images of K12 (a), K80 (b) and K mix (c), scale bars are 
500 nm (a) and 1000nm (b and c). 
3.2.2 Food matrix  
Tomato soup was produced by JRC´s IRMM (Brussels, Belgium). It was prepared 
under laboratory conditions in order to avoid high background levels of silica, which 
might be present in a commercial product. The soup was composed of tomato pulp, 
beef stock, vegetables (onions, carrots) and seasoning (pepper, salt). The pH of the 
soup was 4.3-4.6 and the dry weight content 8 % w/w.  
The food additive E551 can be added to powdered commercial food products at 
concentrations of up to 2 %. To allow for testing at realistic concentrations, the soup 
was therefore spiked with the SAS dispersion at a ratio of 1:1. The same spiking 
ratio was used for the Kmix sample. No sonication was used during the process; 
particles were simply added to the matrix by shaking to the point of visual 
homogeneity. No significant change of pH was recorded after spiking the soup with 
the particle dispersions. 
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3.2.3 Electron Microscopy Analysis 
3.2.3.1 Imaging 
SEM images were acquired using a FEI Sirion S field emission gun SEM (FEI- 
Hillsboro, Oregon, USA) at the York JEOL Nanocentre (University of York, York, 
UK). The instrument was equipped with a through the lens detector and was operated 
at 5 kV and spot size 3.  
Standard formvar-carbon coated TEM grids (Agar Scientific- Stansted, UK) were 
used for sample preparation and attached to aluminium SEM stubs with carbon tape. 
Prepared samples were then coated with 10 nm Pt/Pd using a sputter coater (JEOL 
JFC-2300HR High Resolution Fine Coater) with a JEOL FC-TM20 Thickness 
Controller (JEOL - Tokyo, Japan). The coating was expected to increase particle 
size, therefore ENP size measurements were corrected for this estimated size 
increase (see Appendix 1).  
All samples were analysed in triplicate aiming at the lowest magnification possible 
in order to visualise larger areas, thus improving the representativeness of the sample 
and tracking a higher number of particles. The images were taken from randomly 
selected, not neighbouring, areas towards the centre of the grid so as to avoid areas 
that were handled with tweezers. Twenty images were taken per replicate at a 
micrograph size of 29.14 µm
2
 for SAS and 13.06 µm
2 
for Kmix.  
Blank soup samples were analysed at the same imaging conditions as the SAS to 
obtain reference images. 
3.2.3.2 Image analysis 
All images for sizing purposes were analyzed using an eCognition Architect 
framework (version 8.7, Trimble- Sunnyvale, California, USA) Object Based Image 
Analysis software (OBIA). An OBIA solution was specifically developed for semi-
automated image analysis of nanoparticles in complex matrices by the Centre for 
GeoInformatics, University of Salzburg in Austria. Specific solutions used in this 
study allowed measurement of ENP agglomerates by merging particles with a 
common border despite the often weak contrasts at particle interfaces as well as 
single particles. Thus the performed measurements aimed to enable measurement of 
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agglomeration artefacts in the EM samples which could be related to sample 
preparation.  
As a cut-off point for the smallest measurable particle size, 10 pixels/ particle area 
was chosen for Kmix samples (based on the in-house evaluation using imaging of 
mono-dispersed gold ENPs at decreasing magnification, data not shown), which 
corresponds to a 12.5 nm equivalent circle diameter (ECD). For SAS, the limit was 
raised to 15 pixels/ particle area (30 nm ECD) which corresponds to the NTA’s size 
limit of detection (Size LOD). The pixel size for images of Kmix samples was 5.7 
nm and for SAS samples 8.6 nm.  
3.2.4 Selected sample preparation protocols for electron 
microscopy analysis 
A variety of sample preparation protocols were selected based on their theoretical 
suitability for imaging of silica particles in tomato soup and also on the frequency of 
use in the available literature. These were: (1) drying; (2) sedimentation of the ENPs 
onto an EM grid by ultracentrifugation and (3) attraction of the ENPs from liquid to 
a charged EM grid. Standard formvar-carbon coated TEM grids (Agar Scientific- 
Stansted, UK) were used for all sample preparation methods and subsequent imaging 
by SEM. All samples were prepared in triplicate. 
Initial concentrations of all stock silica ENP dispersions were high and therefore 
substantial dilution of samples was necessary prior to imaging. For drying and 
ultracentrifugation, the dilution factor was chosen so that the number of particles per 
grid area would approximately be equal, assuming even particle distribution on the 
grid. As diluents we used either demineralised water (DMW) or BB 8.0. The 
nominal particle concentrations for the respective sample preparation procedures are 
given in Table 3.1.  
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Table 3.1- Nominal particle mass concentration in final dilutions of 
samples. 
Sample 
preparation 
method 
Final particle concentration (% w/w) 
SAS Kmix* 
Drying 6x10
-4
 - 
Ultracentrifugation 1.2x10
-5
 2.4x10
-6
 
Electrostatic 
attraction 1x10
-2
 1.8x10
-2
 
3.2.4.1 Drying 
For drying, samples were stepwise diluted with DMW. The use of BB 8.0 as diluent 
was not possible in this case due to the formation of salt crystals. A volume of 5 µL 
of the sample was placed on the surface of a TEM grid with a pipette and placed 
over a hotplate at 60 
0
C until the grid appeared dry. 
3.2.4.2 Ultracentrifugation 
Two triplicate series of samples were prepared for ultracentrifugation. The first 
series was diluted with DMW and the other one using BB8.0. A Beckman XL-100 
ultracentrifuge (Beckman, California, USA) with a swing bucket rotor SW40Ti was 
used. Platforms made of Agar 100 resin (Agar Scientific- Standsted, UK) were 
placed at the bottom of the polyallomer tubes (Beckman Coulter- Oxford, UK) to 
provide a flat support for the grids during sedimentation. 5 mL of the diluted sample 
were added to the tube and then more of the respective diluent was added to the tube 
until the required level of 0.1-0.3 cm below the rim of the tube was reached, as 
specified by the manufacturer. As a last step, TEM grids were placed on the liquid 
surface and allowed to sink to the bottom of the tube at the beginning of 
ultracentrifugation process. The ultracentrifuge was operated at RCF = 100,000 g 
and 20 
0
C for 60 min for SAS ENPs and 92 min for Kmix samples. According to 
calculations based on Stoke’s Law these parameters were sufficient to sediment 
silica ENPs as small as 8.7 nm and 7.0 nm, respectively, with a density of 2.65 
g/mL.  
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3.2.4.3 Coating of transmission electron microscopy grids for electrostatic 
attraction of engineered nanoparticles 
The samples were prepared by inducing a positive charge on the surface of the EM 
grid in order to attract negatively charged silica ENPs from liquid samples. For this 
purpose grids were coated with either: (1) a 0.1 % solution of poly-l-lysine (P8920, 
Sigma Aldrich, UK) or (2) a 0.1 % freshly prepared solution of gelatin from porcine 
skin type A (G6144-100G, Sigma Aldrich-, UK) in DMW. Both agents carry a 
positive charge at the pH ranges of the samples used in this study (Carr et al., 1989; 
Raja Mohd Hafidz et al., 2011). The TEM grids were coated using two different 
techniques independent of the coating agent:  
1. TEM grids were placed floating on a drop of poly-l-lysine (T1 Lys) or gelatin 
(T1 Gel) for 10 s. Excess moisture was removed from the grid surface using 
filter paper. This procedure was repeated once more with the grid being 
placed on top of the sample for 30 s, or 
2. TEM grids were placed floating on a drop of poly-l-lysine (T2 Lys) or gelatin 
(T2 Gel) for 5 min and then rinsed three times using a drop of DMW. Then 
the coated grids were placed on the top of the sample drop for another 2 min 
and subsequently rinsed using two drops of DMW. Excess moisture was 
removed using filter paper.  
All samples used for these procedures were diluted in BB 8.0. 
3.2.5 Assessment of sample preparation induced agglomeration 
of synthetic amorphous silica 
The degree of particle agglomeration induced by different sample preparation 
techniques used for EM imaging of SAS was assessed by comparing EM image 
analysis and NTA results. Median particle sizes were compared. Particle number 
recovery on EM grids was also used to assess agglomeration for samples prepared by 
drying and ultracentrifugation. Obtained here nominal recovery was calculated based 
on PNC measured by NTA and thus does not reflect total recovery related to initial 
mass or count of particles in the dispersion. Reasons for this are possible loss of the 
ENPs during sample dilution and by sorption to sample container walls (as suggested 
by Tiede et al. 2009b) as well as limited range of NTA measurements (30-1000 nm 
HDD). 
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NTA was chosen for the evaluation of the degree of agglomeration as this technique 
allows for the fast measurement of unperturbed samples of ENPs in complex liquid  
matrices, if a simple approach for background correction is applied (e.g. Gallego-
Urrea et al., 2011; Luo et al., 2013- Annex 4). NTA provides values for the particles’ 
HDD, rather than the ECD derived from EM imaging. Generally HDD is expected to 
be larger than the ECD (Linsinger et al., 2012). 
3.2.5.1 Nanoparticle tracking analysis 
NTA analysis was performed using an LM20 (software version 2.2, NanoSight Ltd, 
Amesbury, UK).  Prior to analysis the samples were diluted to reach a concentration 
of SAS at 2x10
-5
 % w/w using either BB 8.0 or DMW. Three replicates of each 
sample were analysed and three measurements per replicate were obtained. Recorded 
videos were 60s long.  
3.2.5.2 Data analysis 
Sigma Plot (version 12) was used for statistical evaluation and curve fitting of the 
data. The PNCs of SAS in soup and stock dispersions diluted with DMW and BB8.0, 
respectively, were compared using t-tests. 
In order to conclusively evaluate the influence of  sample preparation as well as the 
matrix effect on size measurements, the median of the particle ECD obtained from  
SEM micrographs (≤ 60 readings per sample) and the median HDD of each NTA 
video (9 readings per sample) were calculated. The raw data for particle size 
measurements were not compared because the high number of measured particles 
(up to a few thousand) made the statistical tests very powerful and as a consequence 
statistically significant differences between particle sizes were not only observed 
between different sample treatments but also in-between replicates of the same 
treatment/sample.  
The majority of the SAS data used for statistical evaluation did not conform to a 
normal distribution and therefore non-parametric tests were applied, namely the 
Kruskal-Wallis test with Dunn’s post hoc test. The NTA data of samples diluted with 
DMW or BB 8.0 were compared to EM data of samples, for which the same diluent 
was used. Finally, to evaluate the change of particle size before and after SAS was 
added to the soup, the Mann-Whitney U rank sum test was used (for all EM and 
NTA data). 
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For all statistical tests a significance level (p) of 0.05 was assumed. 
3.2.6 Assessment of the size distribution of spherical silica 
engineered nanoparticles  
Experiments were carried out using preparation procedures minimising particle 
agglomeration. These were selected based on the results of the study on SAS. The 
experiment was carried out using samples of Kmix in BB 8.0 as well as spiked into 
soup. Here, GEMMA was chosen as a comparative analytical technique over NTA 
as: (1) NTA analysis provides poor peak resolution for different size fractions 
present within a sample (Filipe et al., 2010; Anderson et al., 2013; Wagner et al., 
2013; Chapter 7), (2) silica ENPs smaller than ~30 nm (manufacturer’s claim) 
cannot be detected by NTA and (3) quantification of example silver ENPs by 
detector coupled to GEMMA was previously proven to be accurate (Kesten et al., 
1991), which implies that the method was a good reference for the measurement of 
PNSD. In this study it was found that smallest particle in the HDD distribution of 
SAS measured on average ± s.d.: 27 ± 8 nm therefore 30 nm seemed a good 
approximation. Nevertheless it should be noted that the accuracy of particle size 
related LOD in NTA especially for such ENPs as silica (characterised by low 
refractive index, resulting in low light scattering intensity) suffers from contribution 
of the background noise due to strein of the instrumental settings, such as camera 
gain and shutter during video acquisition. Unfortunately, Kmix samples dispersed in 
tomato soup could not be analysed by GEMMA, as the non-volatile substances of 
the sample interfere with the non-selective GEMMA analysis resulting in false 
positives. The method is limited to pure particle suspensions containing only 
volatiles and analysed particles. Even the Kmix stock dispersion required major 
purification prior to GEMMA analysis in order to remove large contaminating solids 
that could clog instrument’s capillaries and ions from BB8.0 which were interfering 
with the measurement. For coarse purification the samples were centrifuged at 5000 
rpm for 5 min at 20
0
C (Universal 30 RF, Hettich Zentrifugen, Newport Pagnell, 
UK). Subsequent spin filtration was performed using Nanosep Centrifugal Filters 
(Pall Port Washington, New York, US) with a molecular weight cut-off of 30 kDa 
and a modified polyethersulfone membrane: 60 µL of the Kmix was applied to the 
membrane filter and 340 µL of Ammonium Acetate (0.02 M, pH 8) (AA 8.0) was 
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added. The sample was then centrifuged for 5 min at 14000 g using a 1-14 Sigma 
table top centrifuge (Osterode am Harz, Germany) until only about 60 µL of 
supernatant was left on top of the membrane. The eluate was discarded, 400 µL of 
AA 8.0 were added to the membrane and the centrifugation step was repeated once 
more. The supernatant was pipetted into a vial and AA 8.0 was added diluting the 
sample in total 500 fold. The sample was prepared for analysis in duplicate.  
3.2.6.1 Gas-phase electrophoretic molecular analyser setup 
A GEMMA instrument as described by (Weiss et al. 2012) was used in this 
experiment. Applied settings were: air sheath flow for the nano electrospray process: 
0.5 L/min.; sheath flow in the nano differential mobility analyzer: 3 L/min (this 
allows for a particle separation in the diameter range of 4 to 164 nm); voltage during 
the electrospray process: 2.5 kV (current of 500-585nA). The Kmix ENPs were 
approximately spherical (see Figure 3.1) and therefore it could be expected that the 
ECD derived from SEM would give very similar measurement to GEMMA derived 
EMD.  
3.2.6.2 Data analysis 
For comparative purposes SEM raw Kmix ECD measurements were grouped in 
histograms matching the GEMMA data output. The histograms were divided into 
four particle size groups: 12.5-30.1 nm (GI), 30.4-61.8 nm (GII), 62.4-106 nm 
(GIII), 107-163 nm (GIV). Groups GI-GIII corresponded to particle populations 
from the initial stock dispersions (K12 and K80), whereas GIV was comprised of 
particle agglomerates. Peak areas of the four particle size groups were integrated and 
% fractions of particle numbers in each size group were calculated.  
The abundance of particles in size groups GI-GIV was prepared for statistical 
comparison of EM sample preparation methods and GEMMA, as well as of soup and 
stock samples using additive log-ratio (alr) transformation for compositional data as 
described by (Aitchinson, 1982 and 2013). The data transformation is necessary to 
avoid the issue of the sum-to-one constraint in the compositional data analysis 
(Aitchinson, 2013). The transformed data were obtained by dividing the relative 
particle number in GI, GII and GIII by the relative particle number in GIV and 
acquiring natural logarithms for the respective quotients.  
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The statistical comparisons were done using Multivariate Analysis of Variance 
(MANOVA). If significant differences were detected then ANOVAs and Tukey post-
hoc tests were run for the alr GI-GIII between data of the different EM sample 
preparation techniques and GEMMA. T-tests were used for comparison of alr GI-
GIII of ENPs between stock and soup.  
Additionally the effect of particle abundance of different size fractions on the median 
ECD from full size distribution of Kmix in stock and soup was investigated, the 
median ECD measurements were compared using ANOVA and Holm-Sidak post hoc 
test. 
All tests were run at p ≤ 0.05 using the IBM SPSS Statistics 21 software.  
Due to the nature of alr transformation it is not possible with a certainty to determine 
which variable given in nominator or denominator of natural logarithm is responsible 
for a detected statistical difference. This can be only discussed based on the 
comparison with the original data and this is how the results were interpreted here. 
3.3 Results and discussion 
3.3.1 The effect of sample preparation on the agglomeration 
behaviour and particle count of synthetic amorphous silica 
3.3.1.1 Quantification of synthetic amorphous silica by nanoparticle 
tracking analysis prior to sample preparation  
Particle recovery is a measure to assess the degree of sample alteration during 
sample preparation and the subsequent impact on analysis results. Thus, PNCs in the 
samples containing SAS were analysed by NTA prior to sample preparation for EM 
imaging. These PNCs were then used as a basis for the calculation of particle 
nominal recoveries of samples prepared for and analysed by EM (see section 
3.3.1.2). Total, mass particle recovery of the SAS (based on the mass concentration 
in the initial stock dispersion) could however not be estimated due to complexity of 
particle shape (the issue is further discussed in Appendix 1). PNC measurements for 
SAS in the stock dispersion and the soup matrix (diluted with DMW and BB8.0, 
respectively) by NTA are shown in Figure 3.2.  
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A decrease in PNC after spiking SAS into a sample can in general imply (1) particle-
particle agglomeration, (2) particle interactions with the matrix (agglomeration, 
dissolution, sorption), or (3) particle loss during sample handling (sorption to 
containers, pipettes, filters and other lab ware) as discussed in e.g. Tiede et al. 
(2009b). 
Samples of both, SAS stock dispersions and SAS in soup, show higher PNCs after 
dilution with BB8.0 than with DMW. The PNC of particles in the stock and soup 
increased significantly in samples diluted with buffer (PNC = 4.05 x 10
8
 and 1.71 x 
10
8
 particles/mL respectively) in comparison to those diluted with water (PNC = 
3.22 x 10
8
 and 0.86 x 10
8 
particles/ mL respectively) (t-test, p<0.05). PNCs of SAS 
in soup were generally much lower to PNCs of SAS in the stock dispersion (t-test, 
p<0.05). For the SAS in soup prepared with BB8.0 the decrease in mean PNC was 
58%, whereas for samples of SAS in soup diluted with water the mean particle loss 
reached 73%.  
 
Figure 3.2-Average PNC (columns) and standard deviation (error bars) 
for SAS containing samples measured by NTA 
The decrease of PNC in soup is assumed to be associated with silica ENP 
interactions with suspended solids as well as with particle agglomeration due to e.g. 
charge effects, trapping, change of pH and high ionic strength This behaviour of 
silica colloids has been known for decades and is used in beverage fining (Fede et al. 
2012). 
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It has to be noted that a particle loss as high as > 50 %  may also have an impact on 
size measurement and size distribution as it cannot be ruled out that a specific size 
fraction of particles is selectively affected. However, the overall higher PNCs when 
using BB8.0 as diluent rather than DMW are well pronounced and thus BB8.0, 
which apparently stabilised the SAS, was preferentially used in the subsequent 
experimental work and is in order to minimise particle losses.  
3.3.1.2 Agglomeration behaviour of synthetic amorphous silica in soup  
Figure 3.3 shows representative SEM images of soup samples with (Figure 3.3d-j) 
and without SAS ENPs (Figure 3.3a-c). Some EM images obtained from pure soup 
samples show patterns, which could not be observed in soup samples containing 
SAS. There also were no structures of matrix components visible that could possibly 
be mistaken for SAS or Kmix ENPs. In fact most EM images obtained from the pure 
soup samples did not show anything at all. Subsequent EM image analysis of SAS 
and Kmix samples were thus assumed to be unbiased in this respect. 
The results of particle size measurements and counted particle numbers for all 
samples obtained by SEM image analysis and NTA are presented in Figures 3.4 & 
3.5. A decrease in particle numbers and a simultaneous increase in the particles’ 
diameter was indicative of particle agglomeration. Particle numbers of samples 
prepared by means of electrostatic attraction could not be compared to PNC obtained 
by NTA as the sample volume when using this specific sample preparation technique 
is unknown. 
Figure 3.4 shows that among tested sample preparation methods the largest median 
particle sizes for both SAS ENPs in soup and stock were obtained for samples that 
were prepared by drying (102 and 121 nm respectively) and ultracentrifugation in 
DMW (114 and 240 nm respectively). Statistical comparison indicated that these 
measurements were not significantly different to ones obtained by NTA (Dunn’s 
post-hoc, p>0.05), where median HDD of SAS in stock was 108 nm and in soup 117 
nm. However, the number of the particles that could be found on the EM 
micrographs for samples prepared according to these two procedures was very low 
(Figure 3.5).  
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Figure 3.3- (a- c) SEM images of tomato soup without SAS particles. 
Samples were prepared using following protocols: (a) 
Ultracentrifugation (in BB8.0), (b) T1 Gel, and (c) T2 Gel. (d - j) SEM 
images of tomato soup spiked with SAS. Samples were prepared using 
the following protocols: (d) Drying, (e) Ultracentrifugation in DMW, (f) 
Ultracentrifugation in BB 8.0, (g) T1 Gel, (h) T2 Gel, (i) T1 Lys, (j) T2 
Lys. The length of the scale bar is 1000 nm. 
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Figure 3.4 -Box plot showing distribution of median SAS measurements 
per reading (SEM image/ NTA video). The dashed lines present the 
prolonged medians obtained from NTA videos (lower- diluted with DMW, 
higher- diluted with BB8.0). 
Particle number recoveries of SAS from stock and soup were 5 and 18% respectively 
for drying and 1 and 50% respectively for ultracentrifugation in DMW. The result 
points out that the agglomeration of SAS due to these sample preparation procedures 
might have taken place. Strong agglomeration of natural colloids as an effect of 
sample drying was previously reported by e.g. Doucet et al., (2005). For 
ultracentrifugation similar findings were so far not reported. Drying is to date one of 
the most commonly applied sample preparation techniques as it is a simple 
procedure allowing pre-concentration of the sample on the grid. In most studies, 
where the focus lies on regularly shaped and relatively monodispersed particles 
(unlike studied here SAS or Kmix), image analysis tools can be used for automated 
particle separation and measurement (e.g. Tiede et al., 2009a). 
Ultracentrifugation was used in the literature, for the enumeration of viruses and 
particles allowing to obtain a linear relationship between initial PNCs and the 
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number of sedimented particles (Zheng et al., 1996; Lienemann et al., 1998). As in 
section 3.3.1.1 it was shown that SAS losses were found to be lower during the 
dilution process when using BB8.0 instead of DMW, the sample preparation by 
Ultracentrifugation was repeated using BB8.0.  
 
 
Figure 3.5- Average particle counts of SAS spiked samples prepared by 
selected sample preparation techniques for EM, error bars represent s.d. 
between replicates. The expected particle counts based on PNC measured 
by NTA are presented as lines. Lower lines are expected particle count 
after diluting the sample with DMW and the higher lines after dilution 
with BB 8.0. 
For both samples the SAS in stock dispersion and soup prepared by 
ultracentrifugation in BB 8.0 ECDs were smaller (86 nm for particles in stock 
dispersion and 88 nm for particles in soup) compared to HDDs (106 nm for stock 
dispersions, 123 nm for soup samples), although the difference was not statistically 
significant (Dunn’s post hoc, p > 0.05). The nominal recovery when using BB8.0 
was much higher compared to the PNC for DMW dilutions (see Figures 3.3f and 
3.5): The mean nominal recovery of SAS in stock and soup was determined to be 
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120 % and 221% respectively. Nominal recovery values of > 100 % were somewhat 
unexpected, however it needs to be born in mind that PNC measurements from NTA, 
on which the nominal recovery calculations were based, as well as the particle count 
obtained from SEM image analysis showed relatively high s.d. (Figures 3.2 and 3.5). 
Furthermore, issues related to accuracy of determination of smallest measurable 
silica ENP and lowered detection efficiency toward small particle sizes in NTA (see 
Chapter 5) as well as incomparability of SEM and NTA given measurements (ECD 
and HDD respectively) contributed to error in the estimation of nominal recovery. 
All procedures based on electrostatic attraction of particles allowed to obtained 
smaller median ECD measurements for SAS in soup and stock when compared to 
NTA derived HDD (Figure 3.4). The only treatment for which a statistical 
significance was not determined was the T2 Lys with a median ECD of 89 nm for 
SAS in stock dispersion compared to a 106 nm median HDD (Dunn’s post hoc, 
p>0.05).  
It was also found that sample preparation methods using gelatin showed significantly 
smaller ECD measurements for SAS in stock dispersion (T1 Gel: 69 nm, T2Gel: 68 
nm) compared to poly-l-lysine treatments (T1 Lys: 78 nm, T2 Lys: 90 nm) (Dunn’s 
post hoc, p < 0.05). All methods provided similar ECD values for SAS in soup (T1 
Gel: 77 nm, T2 Gel: 72 nm, T1 Lys: 69 nm, T2 Lys: 71 nm) (Dunn’s post hoc, 
p>0.05). 
EM images obtained from samples prepared using T2 protocols revealed a higher 
number of SAS than those samples prepared using T1 protocols (Figures 3.3 g-h, and 
3.5). In treatment T1, gelatin attracted more particles to the grid than poly-l-lysine, 
but in treatment T2 the opposite effect was observed. Similar protocols are usually 
used for preparing biological specimen for EM analysis (Hayat, 1989a; Mast and 
Demeestere, 2009) and more recently also for immobilizing ENPs on TEM grids 
(e.g. Micheel et al., 2008; Doren et al., 2011). However, factors such as the chosen 
coating agents, duration of the treatment and the amount of water used to wash the 
grids vary between these studies. Here it was shown that small changes in a protocol 
can have a major impact on the measurement results and potential reproducibility in 
between the studies.  
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3.3.1.3 Matrix effects on particle size and particle count 
Nearly all EM results, regardless of the sample preparation method (except for 
Ultracentrifugation of particles in DMW), indicated that SAS were less abundant in 
the soup than in stock dispersions (Figure 3.5). These results confirm the outcome of 
the previous NTA analysis. As well as the observed reduction in particle number, 
NTA also indicated a significant increase in particle size due to the matrix presence 
(Mann-Whitney U, p < 0.05) (Figure 3.4). However, the tendency of an ECD 
increase of SAS in soup when compared to the stock dispersion was not always the 
case for all of tested sample preparation procedures. For example for samples 
prepared by T1 Lys and T2 Lys, a significant decrease of the ECD after spiking 
particles into soup was observed (Mann-Whitney U, p < 0.05). It is assumed that the 
potential alteration of particle surface chemistry (e.g. surface charge) in the soup 
matrix could result in change affinity of SAS to poly-l-lysine. 
3.3.1.4 Techniques minimising agglomeration during sample preparation 
In conclusion, the results obtained for SAS show that the following protocols have 
the potential to minimise agglomeration of SAS during sample preparation and 
provide a representative number of the particle population of the sample:  
(1) Ultracentrifugation in BB 8.0,  
(2) T1 Lys,  
(3) T1 Gel,  
(4) T2 Lys, and  
(5) T2Gel.  
However, differences in the SAS median ECD values for the different preparation 
technique were found (Kruskal-Wallis test, p < 0.05). Significantly higher ECDs 
were obtained for SAS in stock and soup samples when prepared by 
ultracentrifugation in BB8.0 rather than by electrostatic attraction (Dunn’s post-hoc, 
p < 0.05). Significant differences between ECD measurements from different 
electrostatic attraction protocols were also observed as discussed previously. Thus in 
the following section these sample preparation methods were subjected to further 
evaluation using spherical Kmix particles featuring 3 distinct modal particle sizes. 
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The purpose of this exercise was to determine if the selected five sample preparation 
methods could cope with different ENPs proportions in selected size fractions. 
3.3.2 Impact of electron microscopy sample preparation on the 
particle size distribution of spherical silica particles  
3.3.2.1 Abundance of Kmix particles in different fractions of size 
dsitribution 
Figure 3.6 shows data of the respective particle size distributions obtained by 
GEMMA and SEM image analysis, as well as the results from the peak area 
integration for the chosen size fractions (groups GI-GIV) for differently prepared 
samples.  
The triple-modal pattern of the Kmix PNSD was preserved in both stock dispersion 
and soup samples regardless of the sample preparation technique and analytical 
method applied (SEM, GEMMA). Tailing was also observed for all samples and is 
associated with particle agglomeration. 
Relatively poor peak separation of the selected particle size groups (GI-GIII) was 
seen for samples prepared by Ultracentrifugation in BB8.0 and subsequently 
analysed by SEM, which suggests some degree of particle agglomeration. ECD 
distributions for the electrostatic attraction protocols (T1 Gel, T2 Gel, T1 Lys and T2 
Lys) suggest that these protocols induce less or no particle agglomeration as the 
three size fractions were more distinct for both matrices, the stock dispersion and 
soup, than in case of ultracentrifugation in BB8.0.  
Statistical comparisons of relative particle abundance in GI-GIV between sample 
preparation procedures and the reference method as well as between samples of 
spherical silica ENPs in soup and stock are given in Table 3.2.  
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Figure 3.6- Size distribution of Kmix particles dispersed in stock and 
tomato soup obtained from GEMMA (reference methods) and SEM 
image analysis. The data shows % of the number of particles present 
within the respective size group (GI-GIV) (particle size range: 12.5-160 
nm) 
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Table 3.2- The results of statistical analysis on alr transformed relative 
particle counts in selected particle size ranges (GI-GIV) of size 
distribution of Kmix in stock and soup 
 
 
Mean  (s.d.) of alr transformed relative particle counts in particle size groups 
GI-GIII 
(significantly different results between: 1) sample preparations/ reference are 
marked by different letters, 2) soup and stock are marked with *) 
stock dispersion Soup 
ln (GI/ 
GIV) 
ln (GII/ 
GIV) 
ln (GIII/ 
GIV) 
ln (GI/ 
GIV) 
ln (GII/ 
GIV) 
ln (GIII/ 
GIV) 
GEMMA 
1.36
AB
 
(0.41) 
1.75
A
 
(0.35) 
1.50
A B
 
(0.27) 
- - - 
Ultracentrifuga-
tion BB8.0 
0.73
A
 
(0.09) 
0.78
B 
 
(0.07) 
0.57
A 
 
(0.11) 
0.47
A
 
(0.09) 
0.55
A
 
(0.09) 
0.53 (0.09) 
T1 Gel 
1.58
AB*
 
(0.07) 
1.65
A*
 
(0.06) 
1.44
B C 
 
(0.17) 
0.91
A C*
 
(0.16) 
0.98
A B*
 
(0.36) 
0.86 (0.43) 
T2 Gel 
2.57
C
 
(0.26) 
1.89
A
 
(0.15) 
1.53
B 
 (0.16) 
1.86
B 
 
(0.32) 
1.39
B
 (0.3) 0.99 (0.33) 
T1 Lys 
1.33
AB
 
(0.25) 
0.88
B 
 
(0.11) 
0.65
A C
 
(0.48) 
1.20
C D
 
(0.1) 
0.84
A B
 
(0.12) 
0.62 (0.34) 
T2 Lys 
1.65
BC
 
(0.62) 
1.31
AB
 
(0.41) 
1.23
A B
 
(0.41) 
1.42
B D
 
(0.11) 
0.63
A
 
(0.18) 
0.24 (0.23) 
 
There were significant differences detected between particle abundance in GI-GIV 
measured by SEM and GEMMA (MANOVA, p<0.05). The Tukey post hoc 
comparison revealed that out of five SEM sample preparation protocols only two: T1 
Gel and T2 Lys did not yield significantly different results from GEMMA. 
Differences in relative particle abundance between GEMMA and the other 
treatments were found for the T2 Gel (ln(GI/GIV)), the T1 Lys and 
ultracentrifugation in BB8.0 (ln(GII/GIV) both) (Tukey’s post-hoc, p<0.05). The 
pre-transformed data (Figure 3.6) show a twofold higher abundance of particles in 
size group (GI) of the sample prepared according to T2 Gel (52%) when compared to 
GEMMA (26%). Additionally, fewer particles were found for the T2 Gel treatment 
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in size group GIV (4 % in comparison to 7 % for GEMMA). This suggests that the 
T2 Gel method was selective towards smaller particles and possibly did not induce 
particle agglomeration. In the case of the T1 Lys and ultracentrifugation in BB8.0 
lower percentages in particle abundance were observed for size group GII (25% and 
34%, respectively) when compared to GEMMA (38%), while higher abundances in 
size group GIV were noticed (ultracentrifugation in BB 8.0 - 14 %, T1 Lys 9%, other 
sample preparation methods 4 – 6 %). Here the results imply that these methods 
were either more prone to cause agglomeration and/or attract preferntially larger 
particles to the grid. 
The comparison of particle abundance in different size fractions between stock and 
soup samples showed significant difference only for the T1 Gel prepared sample 
(MANOVA, p<0.05). This result needs to be interpreted with caution. The relative 
abundance of particles in GIV increased after spiking Kmix in soup for all sample 
preparation methods, therefore it is very likely that differences would be noted if 
more replicates would be measured for statistical comparison. 
3.3.2.2 Median Equivalent Circle Diameter of Kmix 
The selectivity of specific methods towards certain particle size fractions is bound to 
affect median size measurements. The results of median size comparison for full size 
distribution of the Kmix particles ares summarised in Table 3.3. 
Significant differences in the median ECD of Kmix particles in soup and in stock 
were detected in between the SEM sample preparation techniques as well as EMD 
derived from GEMMA (ANOVA, p < 0.05). The T2 Gel method indicated smaller 
median ECD (29 nm) compared to median EMD (47 nm) for Kmix in stock 
dispersion (Holm-Sidak post hoc, p < 0.05). This was a result of high numbers of 
particles in the smallest size fraction after T2 Gel preparation for SEM. The median 
ECD of Kmix particles in stock dispersion prepared by T1 Gel (46 nm) and T2 Lys 
(43 nm) were comparable to median EMD (47 nm) (Holm-Sidak post hoc, p > 0.05) 
and as previously indicated there was no significant difference in particle numbers 
between the size fractions. Median ECD for sample prepared by ultracentrifugation 
in BB 8.0 (51 nm) and T1 Lys (ECD 36 nm) in stock dispersion also did not differ 
significantly from the median EMD (47 nm) (Holm-Sidak post hoc, p > 0.05), even 
though previously it was suggested that these sample preparation methods induced 
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particle agglomeration. The reason for this outcome was balancing effect of particle 
relative abundance in other size groups.  
Table 3.3- Median sizes of Kmix ENPs in stock and soup samples 
(prepared by different techniques) as obtained by GEMMA and SEM 
analysis (significantly different results between: 1) sample preparations/ 
reference are marked by different letters, 2) soup and stock are marked 
with *) 
 
Mean (s.d.) of median size measurements in Kmix samples 
(nm) 
Stock dispersion Soup 
GEMMA 47
A
 (1) - 
Ultracentrifugation 
BB8.0 
51
A*
 (3) 60
A*
 (1) 
T1 Gel 46
AC
 (2) 46
B 
(1) 
T2 Gel 29
B
 (2) 36
CD
 (6) 
T1 Lys 36
BC
 (7) 39
D
 (3) 
T2 Lys 43
AC*
 (5) 30
C*
 (1) 
 
There were also differences found for ECD median measurements of Kmix samples 
in stock and soup when using the same SEM sample preparation method (t-tests, p < 
0.05). The ultracentrifugation in BB8.0 resulted in larger Kmix ECDs in soup than in 
stock (60 and 51 nm respectively), whereas T2 Lys preparation yielded contrary 
effect- particles in soup had a smaller median size than in stock (30 and 43 nm 
respectively). Although the results of previous statistical comparison on the particle 
abundance in different size fractions did not indicate significant differences between 
stock and soup samples prepared by means of these two methods, it is clear that 
selective deposition of particles from small size fraction (T2 Lys) and agglomeration 
(ultracentrifugation in BB8.0) affected the Kmix particles after spiking in soup. This 
result agrees with previous observation for SAS.  
Chapter 3 Sample preparation for liquid foods 
75 
 
3.3.3 Optimal electron microscopy sample preparation 
techniques for measurement of silica particle size distribution  
Overall it was found that sample treatments using electrostatic attraction was most 
favourable technique in terms of limiting sample preparation artefacts while drying 
seemed to alter samples the most. Preparation by ultracentrifugation in DMW also 
caused high losses of particles and possibly agglomeration. These results were 
considerably improved when DMW was substituted with BB8.0 as a diluent. Based 
on these findings ultracentrifugation in BB8.0 helps to avoid great particle losses, 
although it appears to have some effect on agglomeration as shown by the results for 
Kmix.  
Within the set of protocols for electrostatic attraction of particles to the surface of a 
TEM grid, methods with longer exposure of the sample to the poly-l-lysine or gelatin 
(T2 treatments) were preferred as higher particle numbers for SEM analysis could be 
achieved. With regards to the impact of sample preparation on the particle size 
distribution only one of the methods, T1 Gel, showed a similar particle abundance in 
the different size groups of Kmix compared to the reference GEMMA measurement. 
Therefore it seemed that the T1 Gel sample preparation protocol could be 
recommended for the size characterisation of silica ENPs in pristine dispersions and 
complex matrices. The results also suggested that the T2 Gel method could be used 
for the accurate estimation of PNSD for silica ENPs larger than 30 nm. This is 
because for SAS ENPs with measured particle cut-off at 30 nm both T1 and T2 Gel 
methods yielded similar median size, but for Kmix ENPs with a part of the PNSD in 
size range of 12.5-30.1 nm (GI) a clear overestimation of particles number in this 
size region could be observed. Thus for the measurement of particles larger than 
approximately 30 nm, T2 Gel protocol was preferential due to a higher particle 
number recovered from the sample compared to the T1 Gel.  
3.4 Conclusions 
Here, the impact of different sample preparation techniques on the characterisation 
of silica based ENPs in a real soup matrix by EM was assessed. In general, it was 
found that sample dilution is an important factor to consider and a higher silica ENP 
nominal recovery can be achieved when a stabilizing diluent (BB8.0) was used 
rather than DMW. Commonly applied sample preparation techniques with their 
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advantages and disadvantages were discussed and the most suitable ones for EM 
analysis of silica ENPs in complex food matrices minimising preparation artefacts, 
such as particle agglomeration, specific to certain size fractions and low particle 
recoveries, were identified. This was achieved by comparison of size measurement 
results obtained by selected treatment protocols with each other as well as 
complementary analytical techniques (NTA and GEMMA).  
It needs to be noted that absence of a uniform measurement expression for SAS 
particles hampered the comparison of PNSD generated by SEM and NTA. Therefore 
the interpretation of results in this and previously published studies on measurement 
methods comparisons (e.g. Domingos et al., 2009; Grombe et al., 2014- Annex 5; 
Loeschner et al., 2013a) posed an analytical challenge. However, since the applied 
reference methods did not require removal of the particle suspending environment 
(liquid), it is believed that the obtained ENP size measurements are a good basis for 
identification of artefact-prone EM sample preparation methods. The availability of 
reference materials of ENPs featuring broad size distribution and certified not only 
for particle size, but also for the PNC could overcome this problem.  
The study suggested that the best sample preparation techniques for silica ENPs in 
liquid food matrix were electrostatic attraction protocols. These protocols allowed to 
limit the agglomeration of silica ENPs in the course of sample preparation. 
Additionally T1 and T2 Gel electrostatic attraction protocols allowed to obtain silica 
ENPs measurements in closest relation to the reference methods. Of these two 
methods T2 Gel may be more suitable for further evaluation due to higher particle 
numbers recovered from samples.   
The suitability of the identified sample preparation techniques for the accurate 
assessment of particle size not only in freshly spiked materials but also in ageing 
and/or processed food products has yet to be assessed (Chapter 4). Further research 
efforts are therefore needed to develop and validate EM methods for the analysis of 
real life samples and to ensure transferability to different types of ENPs. Studies on 
validation of EM methods and their application to real life samples are therefore 
presented in the following chapter.  
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Chapter 4 
Development and validation of analytical procedures 
for measurement of engineered nanoparticles in food 
by electron microscopy 
4.1 Introduction 
The risk assessment studies for ENPs in foods are in need of analytical methods that 
would allow the reliable characterisation of ENPs in complex samples (Buffet et al., 
2011). It is well understood that ENP characteristics  can change after spiking into 
complex matrices (e.g. Pan et al., 2012; Fede et al., 2012; Luo et al., 2013- Annex 4; 
Park et al., 2013) and thus methods which could measure ENPs directly in foods are 
needed (EFSA Scientific Committee, 2011).  
Currently EM is recommended for the measurement of ENPs in food in support of 
risk assessment studies (EFSA Scientific Committee, 2011). This is because, as 
discussed in Chapter 1, EM allows the characterisation of more features of ENPs 
compared to other techniques. In the previous chapter, EM sample preparation 
procedures allowing minimal manipulation and near in-situ imaging of ENPs in food 
matrices were presented and this provides a big step forward in understanding how 
to prepare samples. 
However, sample preparation is only one part of the story and very limited guidance 
is available on how to produce robust analytical data for ENPs using EM methods 
(Calzolai et al., 2012). For example, the current understanding in regards to EM 
LOD for ENP concentration and the errors associated with different steps of food 
sample analysis is poor. This chapter therefore describes experimental studies that 
were performed to gain a detailed understanding of the performance of EM for 
measurements of ENPs in liquid and solid food matrices. Reference materials of 
ENPs in respective matrices were obtained for the study. To test robustness of the 
obtained data from analysis of reference material featuring liquid food sample, also a 
commercially available food product with declared content of SAS ENPs was 
analysed here. The studies presented in the Chapter address four main questions - 1) 
how many nanomaterials need measuring to obtain reliable data on particle size 
distribution? 2) what is the level of background noise from natural nano-structures 
Chapter 4 Validation of EM measurements of ENPs in foods 
78 
 
present in foods and how could this impact the detection of ENPs? 3) how precisely 
can particles be measured by EM? and 4) which step(s) in the analysis contribute 
most to the measurement uncertainty? By having a better understanding of the 
method performance, it should be possible to develop improved guidance on how to 
apply EM methodologies to food analysis. 
4.2 Experimental design 
4.2.1 Materials  
The materials included in the study as well as characterisation information provided 
by the manufacturer or determined in-house are listed in Table 4.1. Two groups of 
reference food materials spiked with ENPs were used. These were chicken paste 
(Meat 1, Meat 2 and Meat Blank), and tomato soup (Soup 1, Soup 2 and Soup 
Blank). The development of these materials is described in (Grombe et al., 2014- 
Annex 5; Grombe et al., In preparation). Meat reference materials contained Ag 
ENPs (described in Lari and Dudkiewicz, 2014- Annex 3) and soup reference 
materials contained SAS ENPs at the spiked concentrations listed in Table 4.1.  
Along with the reference materials, JRC IRMM also provided pure suspensions of 
the respective ENPs that had been used in the preparation of the reference materials. 
These were also studied to provide information on the original characteristics of 
ENPs prior to spiking into foods. Additionally, a commercial soup powder (Soup 
COM) with a declared content of E551 was obtained from a local supermarket. As a 
control for the Soup COM, SAS powder (SAS COM)- NM203 from the JRC-IHCP 
Nanomaterial Repository for Toxicology Testing was used.  
Prior to the study, Soup COM and SAS COM were suspended in aqueous media 
using a magnetic stirrer. Soup COM was mixed at a ratio of 11:100 with boiling tap 
water. The SAS COM was mixed at a ratio 2:98 with BB 8.0 (same buffer as used in 
Chapter 3).  
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Table 4.1- List and size characteristics of the materials used in the 
studies described in this Chapter 
a
values obtained by characterisation with TEM (Ag ENPs containing samples) and SEM (SAS 
containing samples) based on intermediate precision study data (for full size distribution and EM 
images see Appendix 2, Figure A2.1), 
b
Polyvinylpyrrolidone,
 c
refers to powder, measured using ICP-
MS Thermo Axiom instrument at Food and Environment Research Agency, UK.. NanoLyse labeling 
provided to allow comparison of results with (Grombe et al., 2014; Grombe et al., In preparation) 
Sample 
Type of 
particles 
Concentration of 
core particle % 
w/w 
Declared 
average  
particle size 
Media
n (nm)
a 
Interquartil
e range (% 
of median)
a 
Meat Blank Blank - - - - 
Meat 1 
(NanoLyse13) 
Ag coated 
with PVP
b 
 
0.01 - 27 45 
Meat 2 
(NanoLyse14) 
0.05 - 26 39 
Ag ENPs 1 
(NanoLyse03) 
0.02 
42±10 nm by 
TEM
 30 38 
Ag ENPs 2 
(NanoLyse04) 
0.1 
42±10 nm by 
TEM
 32 34 
Soup Blank Blank - - - - 
Soup 1 
(NanoLyse09) 
SiO2 
fumed 
stabilized 
with 
NaOH 
0.5 - 42 57 
Soup 2 
(NanoLyse10) 
2 - 41 50 
SAS 1 
(NanoLyse01) 
1 
120 nm by 
SLS
 57 70 
SAS 2 
(NanoLyse02) 
4 
120 nm by 
SLS
 60 82 
SAS COM SiO2 
(E551) 
 
~2 - 53 107 
Soup COM 0.28c
 
- 57 71 
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4.2.2 Electron microscopy and energy dispersive x-ray 
spectroscopy 
Two different EM methods were selected for imaging depending on the sample’s 
matrix type (solid/liquid) and chemistry of the ENPs. The SAS have generally weak 
contrast in EM, however for imaging in SEM, samples can be coated with a 
nanometric layer of metal to improve contrast and minimize charging. Thus the use 
of coating potentially results in reduction of size measurement uncertainty related to 
imaging and image analysis of the uncoated materials. Ag ENPs could be best 
visualized using TEM as these ENPs were embedded in a layer of the meat sample. 
Therefore for imaging of SAS and Ag ENPs containing samples, SEM and TEM 
were selected respectively. The previously evaluated methods described in Chapter 3 
and (Lari and Dudkiewicz, 2014- Annex 3) for sample preparation were used for the 
EM sample preparation. A number of additional steps prior to the preparation were 
applied. Liquid food samples and respective ENP dispersions were stirred for at least 
5 min on a magnetic stirrer and were subsequently diluted in BB 8.0. Soup 1 and 2 
were diluted 100 fold and all SAS dispersions 200 fold. The Soup COM was not 
diluted, but instead adjusted to pH 8.0 using 0.4 M NaOH. The samples were then 
mixed on the magnetic stirrer for 6 hours (equilibration). Equilibrated samples were 
prepared for imaging using T2 Gel protocol described in Chapter 3.  
The prepared grids were attached to the conventional aluminum SEM stubs using a 
carbon tape and conductively coated as described in Chapter 3. The thickness of the 
coating was subtracted from the measurements as described in Appendix 1.  
Frozen meat samples were defrosted in a water bath at approximately 35
0
C for 5 
min. The samples were then diluted 400 fold in BB 8.0. Ag ENPs suspensions were 
diluted 800 fold in order to match the concentration levels in respective meat 
samples. Then same protocol as described in (Lari and Dudkiewicz, 2014- Annex 3) 
was used for preparation of both sample types.  
The SEM images were taken using an FEI Sirion S field emission gun SEM 
equipped with a through the lens detector and EDS from Thermo Fisher (NS7 system 
S/N 0409235 with NSS112E NORAN operating software). For imaging, an 
operating voltage of 5 kV and spot size 3 were used. The EDX spectra of point 
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analyses were recorded at spot size 4 and 5 kV for 30 s from the selected areas 
corresponding to objects of interest, primarily to measure the 1.8 kV Si peak.  
The TEM images were acquired with a JEOL JEM 2011 TEM operating at 200 kV. 
The microscope was equipped with a digital camera (Gatan 794) and EDS system 
(Thermo Fisher NS7 system S/N 0409237 operated by NSS112E NORAN). 
4.2.3 Data acquisition and image analysis 
All provided particle size measurements refer to the ECD. The data acquisition 
parameters used in this study are summarised in Table 4.2. 
Table 4.2- Data acquisition parameters 
Technique 
Area of a 
single image 
(µm x µm) 
Pixel 
size 
(nm) 
Smallest particle 
Volume analysed 
per replicate (ml) 
Area (no. 
of pixels) 
ECD 
(nm) 
SEM 6.3 x 4.73 8.7 15 30 
Cannot be 
specified 
TEM 1.6 x 1.6 1.6 80 16 2.8 x 10
-9
 
e 
Ten images per sample replicate were taken from randomly selected places 
(predetermined coordinates) of the grid. SEM and TEM image areas were adjusted to 
allow capture and measurement of maximal number of particles for the respective 
sample types (imaging at relatively low magnifications). The micrograph area was 
relatively large in proportion to the measured ENPs. The smallest measurable ENP 
size was experimentally estimated for SEM as described in Chapter 3, for TEM the 
smallest measurable particle size was chosen based on visual assessment allowing 
limiting background interference during image analysis. 
The acquired images were analysed using OBIA software (described in Chapter 3).  
4.2.4 Quantification of uncertainty in particle size measurements 
related to measured particle number and broadness of the size 
distribution  
An approach previously described by Jarvis and Hedges (2011) was used to derive 
dependence of ECD measurement uncertainty in relation to a given number of 
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randomly selected particles from a population of known size distribution. Five of the 
samples listed in Table 4.1 (Meat 1, Ag ENPs 1, Soup 1, SAS 1 and SAS COM) 
were selected to cover different interquartile ranges of particle sizes (given as 
relative to median- IQR%). For each of these samples, 200 images generated in the 
intermediate precision study (see section 4.2.6) were used. For each sample, 1388 
particles were randomly selected from 200 images. These 1388 particles from each 
sample referred to as the ‘population’ were subjected to simulations without 
replacement in order to derive a relationship between measured particle number and 
measurement uncertainty of median particle ECD. This was done by randomly 
selecting either 25, 50, 75, 100, 150, 200, 250 and 500 particles from the particle 
population of each sample, and the process was repeated 500 times for each sample 
and particle sampling number. Median particle sizes and relative standard deviations 
(RSD%) between them were then estimated from the 500 sets for each sample and 
particle number. In order to investigate the magnitude of RSD% increase with 
increase of IQR%, the obtained RSD% values were plotted against the IQR% values 
for each particle sampling number (see section 4.3.1).  
4.2.5 Limit of detection 
The approach used for LOD estimation was based on detected levels of matrix 
interference (LODmatrix).  
Samples of Meat and Soup Blank were prepared in duplicate and imaged using the 
methodologies described above. The resulting micrographs were visually assessed to 
determine the presence or absence of particles or structures which looked similar to 
Ag ENPs and SAS used in the study. If potentially interfering particles or structures 
were observed then a further 18 replicates of the sample were prepared and imaged. 
These images and the original duplicate images were analysed using the OBIA 
software tool to determine the interfering particle concentration for each replicate. 
The LODmatrix was then estimated from the mean interfering particle concentration 
using Eq. 4.1 and 4.2. The assumption was that the particle distribution followed a 
Poisson distribution similar to a study on quantification of bacterial cells in food 
reference material (in ’t Veld et al., 1996). 
 LODmatrix=N+1 for N>s with P <5% Eq. 4.1 
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Eq. 4.2 
Where: 
x- number of false positive particles 
P- probability of the sample containing x of the false positive particles 
N- consecutive number of particles 
s- mean number of particles found per replicate for a blank sample 
4.2.6 Intermediate precision and expanded uncertainty of 
particle size measurements 
The materials listed in Table 4.1 were used to determine the inter-laboratory 
reproducibility of size measurement- intermediate precision. The study setup was 
based on the routine protocol for analytical method validation as described in (Boque 
et al., 2002). For this, samples were prepared and imaged in duplicate on 10 different 
days spread through a period of four weeks.  
Different vials of Meat 1 and 2 were prepared and analysed every day. However, for 
Soup 1 and 2 it was decided to use only 1 jar over the 10 testing days due to the 
variability of the pH in between the received jars (5.2-6.5), which could potentially 
affect particle size distribution. The opened jars were not refrigerated for the 
duration of the test. The Soup COM was freshly prepared on each day. Respective 
particle stock dispersions were sampled from one bottle during the whole test.  
Data acquired from this test were used to calculate RSD% of the median particle 
ECD measurements for repeatability (RSDr), day to day variation (RSDdd), and 
intermediate precision (RSDip): 
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Eq. 4.3 
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Eq. 4.4 
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Eq. 4.5 
Where: 
MSW- ECD mean squares of replicates measured on the same day 
MSB- ECD mean squares of replicates of all 10 days 
s- mean ECD of the median measurements between replicates 
The MSW and MSB were calculated by one way ANOVA using Microsoft Office 
Excel 2007. 
Eq. 4.4 was adapted from Federer (1968) as suggested in (Linsinger et al., 2001)  to 
allow calculation of RSDdd for results, where MSW>MSB. 
The RSDr and RSDip obtained for two levels of concentrations of ENPs in food 
matrices and relevant stock dispersions were compared using the F-test at 
significance level (p) of 0.05. The F-test was also used to compare pairs of 
concentrations related to relative uncertainties for stock dispersions and ENPs spiked 
in the food matrix. 
The expanded uncertainty (Uexp) is obtained by combining all the sources of 
measurement uncertainty and multiplying by the coverage factor (k=2 for approx. 
95% confidence interval) (ISO/IEC Guide 98-3:2008). In this study the Uexp was 
derived combining RSDip and trueness (RUt) according to Eq. 4.6 
 
       √     
     
  
Eq. 4.6 
 
The RUt values were 1.4% and 1.9% for TEM and SEM respectively and were 
calculated using the procedure described in the (Linsinger, 2010). The trueness 
assessed in this study reflects solely the ‘goodness’ of instrument calibration, 
determined by ENP reference material (NIST 30 nm gold nanoparticles, 
manufacturer’s id: 8012) characterised by very narrow size distribution. It is 
expected that for the ENPs characterised by a broad size distribution and/ or spiked 
in food the RUt would be higher than estimated here. 
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4.2.7 Influence of data acquisition stages on intermediate 
precision  
As the data acquisition from EM is more complex than many other analytical 
methods, estimation of the relative uncertainty for each of the stages in the process 
was of interest. The experiment was performed using four selected reference 
materials: SAS 1, Soup 1, Ag ENPs 2 and Meat 2. For this, four separate 
experiments were performed to assess RSD attributed to sampling (RSDs), sample 
preparation (RSDsp), imaging (RSDi) and image analysis (RSDia). The following 
experiments were performed: 
1) Sampling - 10 different portions of a sample were prepared on the same day and 
imaged within one day;  
2) Sample preparation - 10 replicates of the same subsample were prepared on the 
same day, then imaged within a day;  
3) Imaging - a single replicate was imaged on 10 different days; and  
4) Image analysis – the same set of 10 images was analysed 10 times (returning 
image analysis settings to default every time). 
Experiments 1-3 resulted in RSD values (RSD1, RSD2, RSD3 respectively). Obtained 
this way RSD values were a combined uncertainty of several factors and not only 
sought uncertainty values for specific data acquisition stages. The RSD1 and RSD3 
except of respective RSDs and RSDi values did not exclude RSDia and RSDpn 
(standard relative uncertainty related to measured number of ENPs see section 4.3.1). 
Additionally RSD1 was also inclusive of RSDsp. Therefore to calculate interesting 
RSD values the root-sum-square manner subtraction of inclusive uncertainties from 
RSD1, RSD2 and RSD3 as proposed in (Boque et al., 2002) was used Eq. 4.7-4.9.  
      √    
  (            
        ) Eq. 4.7 
       √    
  (     
        ) Eq. 4.8 
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  (     
        ) Eq. 4.9 
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Total RSD (RSDtotal) was obtained by adding all RSDs attributed to all the sources of 
measurement error according to Eq. 4.10: 
 
         √                 
       
         
Eq. 4.10 
The RSDpn for RSDtotal calculation was derived from the median count of particles 
per replicate and the IQR% from the precision results of the studied samples. The 
RSDtotal ideally should be equal to RSDip estimated in the intermediate precision 
study. 
4.3 Results and discussion 
4.3.1 Quantification of uncertainty in particle size measurements 
related to measured particle number and broadness of the size 
distribution  
Linear relationships were obtained between IQR% and RSD% of median ECD 
measurements depending on the measured number of particles (N) (Fig. 4.1a). Fits 
between R
2
= 0.973 to 0.997 were achieved with an expected intercept of 0.0 and 
were described using Eq. 4.11. The slope coefficient a in Eq. 4.11 clearly depended 
on the number of particles, therefore dependence of a to N was shown in Fig. 4.1b. 
This dependence followed a power curve and was well described (R
2
=0.998) by Eq. 
4.12.  
 
Figure 4.1- (a) Dependence of median size measurement RSD% of the 
sample size N to IQR% and (b) Relationship between slope coefficient a 
of Eq. 4.11 and N 
Chapter 4 Validation of EM measurements of ENPs in foods 
87 
 
             Eq. 4.11 
                  Eq. 4.12 
The expected measurement uncertainty for samples with known IQR% and a defined 
sample size can be calculated using following derived Eq. 4.13.  
                          Eq. 4.13 
The ISO guideline draft (Draft ISO/WD 14411-2, In preparation) describing the 
relationship between the uncertainty of particle size measurement and the required 
number of measured particles aims to include the theoretically derived equation for 
Gaussian PNSDs adapted from unpublished work of Professor Hideto Yoshida, 
Hiroshima University, Japan. A comparison of this theoretical approach to the 
experimental approach developed in this study (Eq. 4.13) was done. It was found that 
both approaches do not give significantly different level of the RSD% for a given 
sample size and IQR%. Nevertheless, as the empirical Eq. 4.13 does not assume any 
particular particle size distribution (for theoretical approach a Gaussian distribution 
is accepted), it is considered more practical for the materials studied here. 
Using Eq. 4.13 for calculation of N for samples with different IQR%, and RSD% at 
the level of 5 and 1%, results shown in Table 4.3 were obtained. 
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Table 4.3- Calculated (Eq 4.13) smallest number of measured ENPs 
needed to obtain a desired RSD% level depending on given for ENP 
population with specific IQR% 
IQR% 
Numbered of particles needed for targeted RSD% 
RSD%=5 RSD%=1 
34 38 994 
39 49 1630 
54 91 5260 
75 170 17166 
111 359 70424 
 
This shows that the minimum number of particles to achieve RSD% at the level of 
5% is smaller than 500 particles previously suggested (Linsinger et al., 2013), even 
for a sample with the broadest IQR% (111). To achieve a lower uncertainty of 1%, 
particle numbers need to be much higher due. However, the acceptability of the 
RSD% threshold will ultimately depend on other contributing factors during data 
acquisition. This is further discussed in subsequent sections where Eq. 4.13 was used 
to calculate RSDpn. 
4.3.2 Nominal recovery and limit of detection 
Data regarding the count of particles per sample replicate (from the intermediate 
precision test, 20 replicates), nominal recovery, and LOD are summarised in Table 
4.4. As in most cases particle number distributions between replicates of ENPs 
spiked in food did not conform to the Gaussian distribution, the median value gave a 
better representation of particle number in the sample. Therefore the median number 
of particles was used to calculate ENP nominal recovery and LOD.  
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Table 4.4- The number of measured particles in 20 sample replicates, 
nominal recovery and the LOD 
Sample id 
Number Nominal 
recovery 
(% 
particle 
number) 
LODmatrix 
(% 
mass) 
LODENP
c 
(% mass) Median Mean RSD% Min
a 
SAS 1 1361 1431 41 633 - - - 
SAS 2 5640 5603 24 706 - - - 
Soup 1 264 515 96 65 19 0.010 0.008 
Soup 2 909 1531 114 170 16 0.013 0.010 
SAS COM 1190 1266 33 724 - - - 
Soup COM 305 461 81 98 19 - 0.003 
Ag ENPs 1 47 46 53 14 - - - 
Ag ENPs 2 163 177 28 102 - - - 
Meat 1 32 (34)
b
 30 (33)
b
 52 
3 
(10)
b
 
68 
None 
detected 
0.003 
Meat 2 83 88 57 24 51 
None 
detected 
0.002 
a 
Smallest number of particles found in one replicate of 20, 
b 
Number of particles found at random 
selection of the micrographs, in parentheses number of measured particles in precision test (some 
areas selected randomly did not contain any ENPs. In such a case, nearby area with at least 1 particle 
present was imaged instead for estimation of precision) 
c
 Limit of detection based on number of ENPs 
found at analysed concentrations.  
The nominal recovery was expressed as a median particle count in the food reference 
material relative to median particle count in respective stock dispersion. Recoveries 
for SAS in Soup 1 and 2 and Soup COM did not exceed 20% of the stock particle 
number. For Meat 1 and 2, Ag ENPs recoveries were much higher at 51 and 68% of 
the stock particle number respectively. The sample preparation protocol used for 
Soup 1 and 2 was previously tested on tomato soup freshly spiked with silica 
(Chapter 3) whereas the Soup 1 and 2 were tested after over a year from 
manufacturing. In freshly spiked samples, the particle nominal recovery was as high 
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as 50% of particle number. If particle mass rather than particle nominal recovery was 
considered (see Annex 1), these values would be different because in both Soup 1 
and 2 the particles were ~20 nm smaller than in the respective stock dispersions 
(median ECDs in Table 4.1). There are several possible reasons for the low nominal 
recovery, such as transformation of the particle surface over time leading to reduced 
adsorption to the grid, a higher loss of larger particles, and/or a partial dissolution of 
the SAS and Ag ENPs.  
The RSD% values were relatively high (28-114%) when compared to the previously 
published work using EM for quantification of viruses in aquatic systems (10.2%) 
(Bettarel et al., 2000), biological suspensions (~5-30%) (Zheng et al., 1996) and 
when set with other analytical approaches for particle quantification e.g. NTA 3.1-
6.9% (Du et al., 2010). This led to a difficulty with use of standard protocol for 
estimation of LOD for smallest detectable analyte concentration (Vogelgesang and 
Hädrich, 1998). To give an idea on lowest detectable particle mass concentration, 
LODENP values were calculated dividing particle mass concentration in the initial 
food sample (Table 4.1) by Number/Min value from Table 4.4. For Meat 1 and 2 
LODENP was at the level of 0.003 and 0.002% mass respectively. For Soup 1 and 2 
0.008 and 0.01% mass respectively. 
The estimation of LOD related to presence of interfering particles in blank matrix 
LODmatrix was also carried out. The EDS analyses did not confirm the presence of Ag 
in Meat Blank or Si in Soup Blank (see Appendix 2 Figure. A2.2). In Meat Blank, no 
objects were found that could be mistaken for Ag ENPs. Some nanometric sized 
globular structures were present but they had a very low contrast compared to Ag 
ENPs (Figure 4.2 a, c). These natural nano-structures within the matrix were also not 
suitable for measurement using OBIA. Therefore, no matrix related errors such as 
false positives could be expected when analysing Ag ENPs in meat samples. 
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Figure 4.2- EM images of (a) Meat Blank, (b) Soup Blank, (c) Ag ENPs 2 
and (d) SAS 2 
 Soup Blank contained some irregularly shaped ENPs which were similar in 
appearance to SAS (e.g. Figure 4.2b) and could potentially be mistaken for SAS. 
These ENPs and the ones close to the cut-off ECD value were accounted for as 
interference, because in this study and others (Tiede et al., 2009c; Lorenz et al., 
2010) identification of the EDS spectra for nanometric particles was typically carried 
out as a confirmation on single particle basis rather than on full measured sample. In 
different study examples, such confirmation was not carried out at all and estimates 
were based on expert knowledge of the particle appearance (Weir et al., 2012; Luo et 
al., 2013- Annex 4). The average number of interfering ENPs per replicate in Soup 
Blank was 5, which after calculation (according to Eq. 4.1 and 4.2) gave LODmatrix of 
10 particles and an equivalent of concentrations of 0.01-0.013% mass for Soup 1 and 
2. Because LODmatrix for SAS in soup had higher values than respective LODENP it 
became clear that background noise is likely to be a key limiting factor for detection 
of these ENPs in foods.  
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The estimated 0.013 % mass LODmatrix is sufficient for analysis of E551 in 
commercial food products as the typical E551 concentrations in food powders range 
from 0.06 to 0.54 % mass (Dekkers et al., 2010). However, this statement is only 
valid at assumption that commercial food samples are less or equally abundant in 
natural nanostructures as studied here Soup Blank. 
It needs to be emphasized that the LODmatrix and LODENP values estimated here are 
not robust and applicable only to study setups with same samples, and micrograph 
sizes at a random selection of imaged areas. 
4.3.3 Intermediate precision and expanded uncertainty of 
particle size measurements 
The results of the uncertainties of particle ECD measurements were summarised and 
compared to RSDpn values calculated for median sample size (Table 4.4) and sample 
specific IQR% (Table 4.1) in Figure 4.3.  
 
Figure 4.3- The median ECD particle number, repeatability, day to day, 
intermediate precision and expanded uncertainty for ENPs measured in 
respective samples 
The values of Uexp for food samples containing ENPs ranged from 21% (Meat 2) to 
43% (Meat 1), whereas for the stock dispersions the range was 10% (SAS 2) to 41% 
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(Ag ENPs 1). The obtained Uexp for the stock dispersions with the exception of Ag 
ENPs 1 corresponded well with the expanded uncertainty of 16% that was previously 
proposed for CLS measurement method of pure ENP suspensions (Braun et al., 
2011). This result points out that EM has the potential for producing equally reliable 
results as other analytical methods. 
The RSDpn for all measured samples was significantly lower (1-7%) than RSDip 
obtained in the experiment (5-21%) (F test, p<0.05). This is in agreement with the 
published data on characterisation of the reference materials for ENP measurement. 
For example in the study (Braun et al., 2012), ENP with IQR% ~ 20 and 500 
particles measured per replicate was characterized by EM in 11 different facilities. 
The RSDip measured between the laboratories ranged from 1.2 to 8.5 whereas 
calculated for this material from Eq. 4.13, RSDpn=0.6. The result suggests that 
factors other than particle size distribution broadness and sample size affected the 
measurement uncertainty. 
For samples containing SAS, the presence of soup matrix significantly increased the 
uncertainty of the measurements (RSDip ranging 13-21%) when compared to the 
stock dispersions (RSDip ~5%) (F test, p<0.05). Contrary to this result, the RSDip 
were similar for Ag ENPs in stock and meat dispersions at respective concentrations, 
i.e. 21-22% for lower concentration and 8-10% for higher one (F test, p>0.05). 
Therefore the presence of the matrix hampered reproducibility of measurement of 
ENPs only in soup samples. The uncertainty increase for the measurement of SAS in 
soup, when compared to stock dispersions, seemed to depend on the nature of the 
sample. SAS in the Soup COM were measured with 13% RSDip, whereas for Soup 1 
and 2 RSDip exceeded 20%. The increased RSDip for Soup 1 and 2 when compared to 
Soup COM were attributed to high RSDdd rather than to RSDr. For Soup 1 and 2, 
only one jar of the sample for the 10 testing days spread over period of four weeks 
was used. However, the trend of changing particle size toward smaller or larger 
values with sampling time was not confirmed within the experiment (see Appendix 
2, Figure A2.3). Thus either a) subsamples taken at the same time point had a higher 
chance of being closely related by size, or b) imaging the samples on different days 
introduced a major error to the measurement. To address these aspects, the effect of 
the different stages involved in the data acquisition process was also explored. 
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4.3.4 Influence of data acquisition stages on the intermediate 
precision  
The results of further experiments on the uncertainty level introduced by individual 
stages in the analytical process are summarized in Tables 4.5 and 4.6. 
Table 4.5- The contribution of the stages in the data acquisition process 
to the RSDtotal of SAS containing samples 
 Sampling 
Sample 
preparation 
Imaging 
Image 
analysis 
Particle 
number 
Total 
Soup 1 11% 7% 2% 2% 2% 14% 
SAS 1 1% 1% 6% 1% 2% 7% 
 
Table 4.6- The contribution of the stages in the data acquisition process 
to the RSDtotal of AgENPs containing samples 
 Sampling 
Sample 
preparation 
Imaging 
Image 
analysis 
Particle 
number 
Total 
Meat 2 8% 3% 3% 3% 3% 10% 
AgENPs 2 negligible 9% negligible 2% 3% 9% 
 
The highest RSD for Meat 2 and Soup 1 were attributed to the sampling (8 and 11% 
respectively). At the same time the sampling had a very small RSD value (up to 1%) 
for respective ENPs in the stock dispersions.  
Such results were partly expected. The EMs can analyse only a very small volume of 
the sample at a time (order of few pl), and it is not possible to make food products so 
homogenous that it is representative at the small sample scale. Therefore it can be 
expected that each portion of the sample will contain a varying population of the 
particles and as shown here not only by number, but also by size.  
The high RSDsp (9%) Ag ENPs 2, when compared to Meat 2 (3%), suggested that the 
presence of the meat matrix may have prevented random particle clustering in the 
sedimentation process, but this might have taken place during preparation of Ag 
ENPs 2.  
Chapter 4 Validation of EM measurements of ENPs in foods 
95 
 
The imaging, sample preparation, and image analysis were each expected to 
influence the RSDtotal of the Meat 2. This is because the particles were suspended in 
meat matrix at different depths and it was not possible to fully focus on all of the 
particles within the field of view. Additionally, the sample layer obtained in the 
preparation procedure was thick (approximately 100 nm) and not uniform (up to 33 
RSD% of the sample thickness between different images) (based on Lari and 
Dudkiewicz 2014- Annex 3). This inevitably affected the definition of particle 
boundaries and consequently the results of image analysis. It also means that the 
instrumental performance had limited influence on the RSDi for Meat 2.  
Imaging of the SAS 1, yielded higher (6%) RSDi than of Soup 1 (2%). It is possible 
that for this sample the instrumental or operator performance on a day-to-day basis 
and certain particle features (shape, size) may have had a significant impact on the 
measurements. As with the increase of the size (on median particles in SAS 1 were 
characterized by longer ECD than in Soup 1- see Table 4.1), the particle perimeter 
becomes larger, the possible instrumental or operator variations in alignment, noise 
from the microscope surroundings (stage drifting), may cause a shift in the particle 
boundaries and affect size measurement more than in case of small, nearly spherical 
particles. 
The RSDtotal for all the samples (Table 4.5 and 4.6), with the exception of Soup 1, 
corresponded very well to the previously obtained RSDip (Fig. 4.3, a difference of 
1%) with the exception of Soup 1. The estimated RSDtotal for Soup 1 (14%) had 
closer value to previously estimated RSDip of Soup COM (13%) rather than of Soup 
1 (20%). It is hypothesized that the degradation of liquid soup matrix over the 
precision test duration (four weeks) caused dynamic changes in the particle size. 
Particle random agglomeration and release from complexes with soup solids due to 
the bacterial/ oxidative activity, pH and ionic strength changes could result in a very 
high day to day size measurement variation. The result also emphasizes robustness 
of derived RSDip value for the measurement of SAS ENPs in different food products. 
It is worth reminding that E551 food additive is mainly used in food powders and 
therefore RSDip derived for Soup COM relates to the case of this additive better than 
Soup 1 and 2. Nevertheless, for other types of ENPs, the obtained information in 
study of Soup 1 and 2 might be useful in relation to liquid foods, where the matrix 
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changes will have to be considered as one of the factors that might influence particle 
size and measurement precision.  
4.4 Conclusions 
In this study, an attempt to validate the two main EM methods - SEM and TEM, for 
the measurement of ENPs in solid and liquid food matrices was made. Doing so, the 
issues of measurement uncertainty, limit of detection, nominal recovery and minimal 
sample size required for adequate EM measurements were addressed.   
It was found that the EM methods were able to measure ENPs in food with an 
expanded uncertainty of typically approximately 21-27% accounting for different 
samples (solid and liquid food matrix, ENPs with narrow and broad size distribution, 
different imaging conditions and sample preparation methods). This study will 
therefore be useful in predicting uncertainties associated with the measurement of 
ENPs in complex matrices by EM, where the ENPs are relatively stable. For samples 
containing particles that are undergoing constant transformation e.g. aggregation 
and/or dissolution, much greater expanded uncertainties may be expected. For 
example, an expanded uncertainty of 43% was derived in this study for liquid soup 
samples containing SAS that were analysed at different time points.  
The study also showed that a number of factors can influence uncertainties in the 
particle size measurements by EM methods. The results indicated that the number of 
measured particles and broadness of the particle size distribution were only 
secondary contributors to the ENPs size measurement uncertainty in foods. The 
major factor was found to be the sampling step. Most food samples are inherently 
inhomogeneous, and could not be homogenized to the nanoscale. As a result, 
different sub-samples of the same sample may vary a lot in terms of particle number 
and shown here also particle size. Thus it may not be possible to achieve a 
reproducible particle quantification and adequate estimation of the concentration 
LOD and recovery in food samples. To overcome the sampling issues and to lower 
the LOD by increase of particle recovery, a viable option may be to digest the food 
matrix or extract the particles, instead of the homogenization steps tested in this 
study. However, it is also possible that such pre-treatment may change particle 
characteristics and may lead to inaccurate results.  
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Another possibility for improvement of particle size measurement precision is to 
increase the sample replication during routine analysis. As it is shown here, the 
particle quantities necessary to obtain reliable data on median size measurement 
would depend on broadness of the size distribution and the desired measurement 
confidence level, which can be calculated from a simple dependence outlined in this 
chapter- Eq. 4.13. Therefore cutting the number of measured particles to an essential 
minimum, and increasing the number of replication instead, would allow acquisition 
of more precise information on the particle size and a better characterisation of the 
sample.  
In summary, the EM were found to be suitable for screening on ENPs in food and 
delivering information on the ENP size and shape. There are however uncertainties 
over the results of the characterisation of size distributions of aggregated and 
polydispersed ENPs. Therefore in the next chapter a novel approach for normalizing 
sizing data from different methods is presented and then applied to compare the 
results from EM analysis with results from other nano-analysis methodologies. 
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Chapter 5 
Evaluation of electron microscopy against other nano-
analysis methods for the measurement of aggregated silica 
engineered nanoparticles 
5.1 Introduction 
The characterisation of PNSD of aggregated silica ENPs, such as SAS poses 
analytical difficulty. One challenge is detection of these ENPs. Silica ENPs have a 
low refractive index making them difficult to detect using light scattering and 
absorption methods. Additionally silicon is an ubiquitous element and background 
noise from element detection methods may hamper the analysis. The general lack of 
data on the Size LOD does not allow one to properly understand measurement 
outputs or estimate a method’s measurement accuracy. Another analytical difficulty 
arises from the shape of SAS. Instruments measuring ENPs are generally calibrated 
with spherical particles, but as pointed out in Chapter 1 use different principles and 
expression units for the measurements. This leads to incomparability of the 
measurements between different types of instruments for non-spherical materials 
(e.g. Bowen, 2002; Domingos et al., 2009).  
One way of achieving the measurement comparability is to transform the results 
from different analytical methods from instrument equivalent spherical diameters 
(IED) into a standardised mass equivalent diameter (MED). The MED is the 
diameter of a compact sphere having the same mass as the analysed aggregated 
particle. The dependence of MED on the IED has been previously described for 
techniques measuring aerosol particles (Kasper, 1982; DeCarlo et al., 2004). 
However, so far, the approach has not been used for ENPs in aqueous suspensions. 
One way considered previously in the literature for generating MED-IED 
relationships for ENPs was the the dynamic shape factor. The dynamic shape factor 
in particle measurements depends on the nature of the flow within the measuring 
instrument (free molecular, transition or continuum) as well as specific particle 
shape. Some values for the dynamic shape factors have been derived for differently 
regularly shaped particles and flow regimes (DeCarlo et al., 2004), but for particle 
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aggregates these values were restricted by the conformation of the particles within 
the aggregate e.g. chains (Kasper, 1982). If the conformation of the particles is 
random (as in case of SAS) obtaining value of dynamic shape factor becomes 
laborious and difficult as for example described by Zelenyuk et al. (2006). 
Nevertheless, the literature provides some evidence that the IED can be related to the 
aggregate fractal structure (e.g. Gmachowski, 2000; Maricq and Xu, 2004; 
Boldridge, 2010) and thus to the number of primary particles within aggregates. 
Once the number of primary particles within the aggregate is known, the aggregate 
mass and subsequently MED can be calculated. Use of fractal geometry could 
therefore provide a way of ommiting a need of experimental estimation for dynamic 
shape factor of ENP aggregates. 
The aim of this study was to use MEDs to compare results for SAS PNSD generated 
by EM and other techniques. Several techniques that produce particle size data in 
different ways (see Chapter 1, Table 1.2) and which have been used widely in the 
literature were selected. These techniques included:  
 
1. methods that measure particle ECD – i.e. SEM and Wet-SEM; 
2. methods that measure measure HDD – i.e. NTA and assymetric flow field 
flow fractionation with ICP-MS detection (AF4-ICP-MS); and 
3. methods that measure SDD – i.e. CLS and measuring EMD- GEMMA.  
 
The principles of particle measurements by these techinques have previously 
desribed in (e.g. Chapter 2; Tiede et al., 2008; Dudkiewicz et al., 2012- Annex 2; 
Linsinger et al., 2012; Anderson et al., 2013; Tiede et al., 2009c; Carr and Malloy, 
2013; Loeschner et al., 2013b; Braun et al., 2011; Bacher et al., 2001). Thus here 
only brief general information helping to understand derived relationship between 
IED’s and MED’s will be given. 
In order to achieve the aim this study attempted to address between-method 
discrepancies in the size measurements for these ENPs using their fractal 
characteristics. Prior to investigation of SAS, spherical silica ENPs were also 
analysed to characterise method specific size LODs and limits of quantification in 
terms of particle size (size LOQ). The chapter also discusses the potential of the 
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methods for accurate measurement of PNSD of silica ENPs and for addressing the 
EC recommendation for the definition of nanomaterial (The European Commission, 
2011). 
5.2 Silica engineered nanoparticles 
Three different silica ENP dispersions were used in the study- two of them K12 and 
K80 contained approximately spherical ENPs (see Chapter 3) and SAS was 
composed of particulate aggregates (see Chapter 1). The same silica ENP dispersions 
as used in Chapter 3 were analysed in the experiments described in this chapter. The 
K12 sample contained very fine particles (on average 12 nm diameter by 
Manufacturer’s claim) and was used for estimation of methods size LOD. The K80 
sample contained both smaller and larger ENPs and a bimodal PNSD. This sample 
was used for determination of differences between the methods for quantification of 
particles in two size fractions corresponding to the modes. This was done to aid the 
conclusion on method sensitivity for quantification of small and large particles in the 
distribution. The SAS is a fractal aggregate (Boldridge, 2010), which means that its 
geometry can be described by the fractal scaling law (Eq. 5.1). 
     (
   
   
)
  
 Eq. 5.1 
Where: 
N-number of primary particles within the aggregate 
dpp- primary particle diameter 
Df- Fractal dimension 
k0- Fractal prefactor of lacunarity 
 
The characterisation of the aggregated fractal structure of the SAS is described in 
Appendix 3 and the experimentally derived parameters are: dpp=9 nm, Df=2.11 and 
k0=1.17. 
All silica ENPs dispersions used in this study are not sold for use as food additives 
but for food application (e.g. clarifying beverages). The SAS example was used 
solely for analytical method development rather than indicating whether the SAS 
would be regarded a nanomaterial according to EC recommendation.  
Chapter 5  Verification of EM measurements against other analytical techniques 
101 
 
5.3 Principles of measurements and data transformation  
For spherical particles, MED is equal to the particle size measurement directly 
derived from the instrument. For fractal aggregates MED calculations were derived 
using various relationships adapted from the available literature as described below. 
5.3.1 Scanning electron microscopy in high vacuum and liquid 
setup 
There is a variety of measurements that can be acquired from analysis of the images, 
but one of the most common ones is ECD. ECD is obtained using Eq. 5.2 
  
     √
  
 
 
 Eq. 5.2 
 
The relationship of ECD with MED for fractal aggregates was derived using 
dependencies commonly used for calculation of primary particle number within 
these structures from EM images.  
The particle number can be calculated from two dimensional projection on the 
imaged particle area according to Eq. 5.3 (Boldridge, 2010): 
       (
  
     
)
    
 Eq. 5.3 
 
Substituting S in Eq. 5.3 with the solution from Eq. 5.2 relationship between ECD 
and N was obtained.  Thus calculated N was then substituted into relationship of 
MED and N (Eq. 5.4) and Eq. 5.5 was obtained. 
        √ 
 
 Eq. 5.4 
     √               
      Eq. 5.5 
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5.3.2 Gas-phase electrophoretic mobility molecular analyser 
The instrument measures electrical mobility of the particles in the gas phase at 
ambient pressure. Based on this, the spherical equivalent diameters were obtained 
using Eq. 5.6  
 
    
     
      
 Eq. 5.6 
Where: 
n-number of electric charges on the particle 
ee- elementary charge 
Cc- Cunnigham slip correction factor 
ηa- viscosity of air 
Zc- electric mobility 
 
The MED of the fractal aggregates can be related to EMD using the mass balance 
Eq. 5.7 and calculation of effective density (ρpe) from Eq. 5.8 (Maricq and Xu, 2004) 
    
     
 
      
     
 
 Eq. 5.7 
 
Where:  
ρSiO2-density of silica 
          (
   
   
)
    
 Eq. 5.8 
 
Substituting ρpe in Eq. 5.7 with Eq. 5.8, Eq. 5.9 describing relationship of MED and 
EMD was obtained  
        √(
   
   
)
   
 Eq. 5.9 
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5.3.3 Centrifugal liquid sedimentation  
The instrument estimates particle SSD based on sedimentation time (ts) of particles 
from sample administration to reaching the detector. SSD of the particles is 
estimated by the instrument’s software according to Eq. 5.10 (CPS Instruments, Inc., 
2005) 
 
    
     
√   (        )
 
 Eq. 
5.10 
ηs-viscosity of sucrose gradient 
x- distance from the injection point to the detector 
a-centrifugal acceleration  
ρf- density of the sucrose gradient 
 
Particle mass concentration is estimated based on light absorption corrected for Mie 
scattering solution (Wriedt, 2012). Thus the obtained particle mass concentration 
over the size distribution is then transformed into PNSD by calculation (CPS 
Instruments, Inc., 2005). The non-spherical shape of any particles slows down their 
sedimentation velocity when compared to spheres of the same mass. To correct for 
velocity change, adjustment of the density value of the particles in Eq. 5.10 have 
been suggested (e.g. Kamiti et al., 2012). The corrected particle density (ρps) can be 
estimated by means of two CLS measurements in two media of different density. For 
estimation of ρps of the SAS studied here, the so called ‘zero velocity approach’ was 
used (Woehlecke et al., 2013). This approach is based on Archimedes law. The 
particle velocity is measured in a medium of lower and higher density than the 
particle of interest. Then the density of the liquid in which particle would not 
sediment (have a velocity equal to 0) is calculated. This density is equal to ρps. The 
Eq. 5.11 summarising relationship of MED and SSD was obtained from equality of 
ts, ηs, x and a for the particles with ρps and ρSiO2. 
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        √
        
      
 
 Eq. 5.11 
5.3.4 Nanoparticle tracking analysis 
The measurement of an ensemble of absolute mean displacements of the individual 
particles due to the Brownian motion obtained from NTA allows for subsequent 
calculation of the diffusion coefficient (D). The D is then used to obtain HDD from 
the Stokes-Einstein dependence (Eq. 5.12)  
 
    
   
     
 
Eq. 5.12 
Where: 
kB- Boltzman constant 
T- temperature 
ηw- viscosity of the medium that ENPs are suspended in (here water) 
 
This approach is only suitable for spherical particles (principle of the Stokes-Einstein 
equation), although there are publications discussing hydrodynamic behaviour of 
fractal aggregates. For example Melas et al. (2012) derived relationship between 
hydrodynamic and gyration radius (Rg) of the fractal aggregates with variable N, Df 
and k0. Using the data generated in the cited study for this sample of SAS with 
average N=84±9 and k0=1.17, the dependence of Rg and HDD can be approximated 
with Eq. 5.13. 
 
          Eq. 5.13 
 
Combining general Eq. 5.1 and Eq. 5.13, Eq. 5.14 allowed the MED to be calculated. 
 
       √  (
   
      
)
   
 Eq. 5.14 
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5.3.5 Asymmetric flow field flow fractionation with inductively 
coupled plasma spectrometry detection 
In AF4 the cross flow drives the particles towards the so-called accumulation wall 
covered with a membrane. The smaller particles diffuse further back into the channel 
and form diffusional clouds (Messaud et al., 2009). The thickness of the clouds 
depends on the D of the particles and the cross flow. The larger the D, the larger the 
resulting cloud thickness. Due to the carrier flow profile, the higher the cloud, the 
larger the mean travel velocity of the respective particles, so small particles elute 
before larger ones. The particle-retention expressed as retention time (tr) is related to 
the D of the particles through Eq. 5.15 (Wahlund and Giddings, 1987). 
    
  
  
    (  
  
    
) Eq. 5.15 
Where: 
w- channel thickness  
Vc- cross-flow volumetric flowrate 
Vout- volumetric outlet flowrate 
 
Substituting D in Eq. 5.15 with Eq. 5.12 the HDD can be calculated for AF4 
measurements according to Eq. 5.16.  
 
    
      
       (  
  
    
)
 
Eq. 5.16 
 
In this study, AF4 theory was not chosen for the determination of the PNSD of the 
investigated nano-structured materials. Instead, an independent size measurement by 
a calibration with spherical particle size standards of known size was applied. This 
was regarded as a better approach, because the tr was also shown to be affected by 
other factors, such as additional focusing stage after sample injection (Loeschner et 
al., 2013a) or particle-membrane interactions, which cannot be avoided even under 
close to ideal conditions. Optimisation of the AF4 channel for size calibration by 
standards allows a correction for these additional factors to be made. 
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Using multi angle light scattering (MALS) coupled to AF4 it was possible to verify 
the relationship between HDD and Rg. Ratios between HDD/Rg ranged from 2.0 to 
2.34 through entire PNSD of SAS. This proved that the 2.2 value from (Melas et al., 
2012) used previously to derive Eq. 5.14 was a very good approximation. 
5.4 Instruments and measurement conditions 
5.4.1 Scanning electron microscopy in high vacuum and liquid 
setup 
SEM and Wet-SEM images were acquired using a FEI Sirion S field emission gun 
SEM equipped with a through-the-lens detector. The instrument was operated at spot 
size 3 and voltage of 5kV for high vacuum and at 20 kV for Wet-SEM imaging. For 
high vacuum imaging the samples were prepared according to T2 Gel protocol and 
Pt/Pd coated as specified in Chapter 3. The adjustment for coating thickness was 
made as well (Appendix 1).  
For liquid state imaging, Quantomix™ capsules (QX-102) were used. Prior to 
application of the sample, each capsule was treated with 0.1% solution of poly-l-
lysine (P8920, Sigma Aldrich, UK) according to the protocol available on the 
manufacturer’s website (Quantomix, 2011).  
Particle visibility could be improved by exposure of the capsule membrane to the 
electron beam for approximately 1min at low 5000x magnification. It was noted that 
with time of the beam exposure, particles were gradually attracted closer to the 
capsule membrane, increasingly populating the irradiated area (Figure 5.1a and b). 
The particles were apparently moving at the increased magnification required for the 
measurement consequently creating zig-zag patterns on the images (Figure 5.1c). 
Therefore only objects which looked approximately spherical were measured. 
Example Wet-SEM images used for the measurement of silica ENPs in respective 
samples are presented in Figure 5.2. 
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Figure 5.1- Wet-SEM images of silica ENPs (a) taken at the start point, 
(b) same area as (a) after 1min exposure to the beam and (c) movement 
of attracted particles at increased magnification 
 
 
Figure 5.2- Wet-SEM images of silica ENPs (a) K12, (b) K80, (c) SAS 
(scale bar on every image is 1000 nm) 
The particles of K12 and K80 had visibly lower contrast to SAS. Additionally it was 
observed that it was not possible to discriminate between the shape of spherical 
particles and SAS. All the images for sizing purposes were analysed using OBIA and 
particle size measurements were grouped into a histograms of 2 nm bin width. All 
samples were diluted with BB8.0 prior to preparation and imaging.  
The SEM and Wet-SEM imaging setup (sample dilution factor, micrograph size, 
pixel size, smallest measurable particle and number of replicates) is summarised in 
Table 5.1.  
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Table 5.1- Data acquisition properties for SEM and Wet-SEM 
Sample K12 K80 SAS 
Method SEM 
Wet-
SEM 
SEM 
Wet-
SEM 
SEM 
Wet-
SEM 
No of replicates 3 2 3 2 3 2 
Dilution ratio 1:149.999 1:9 1:1999 1:9 1:399 1:1 
Single micrograph 
area (µm
2
) 
3.98 29.14 13.06 13.06 3.98 29.14 
Pixel edge (nm) 3.4 8.6 5.7 5.7 3.4 8.6 
Smallest 
measurable 
particle- ECD 
(nm)* 
4.2 37.7 12.5 20.5 7.0 37.7 
Number of 
particles measured 
per replicate- 
mean (s.d.) 
465 (129)  
1165 
(342) 
544 
(398) 
1291 
(628) 
 
*The values given refer only to cut-off point during image analysis, for SEM particles with ECD <8 
nm were excluded from the statistical analysis due to the thickness of conductive coating (see 
Appendix 1) 
All the analysed images of the same sample in SEM were taken at constant 
magnification allowing measurability of main visualised particle population. It was 
noted that for SAS only ENPs up to approximately 300 nm were measured, although 
a low content of larger particles (up to 1 micron) was also detected at lower 
magnification in a previous study (Chapter 4, Appendix 2- Figure A2.1). For Wet-
SEM imaging the magnification was limited by the mobility of the particles in the 
liquid. It was found that at increased magnifications, particles would drift away from 
the membrane within a short time. This time varied between the samples, making 
capture of the image difficult at higher magnifications than given in Table 5.1. 
5.4.2 Gas electrophoretic mobility molecular analyser 
A GEMMA system previously described in (Weiss et al., 2012) was applied for this 
study. The data were obtained analysed and interpreted by Angela Lehner from 
Technical university of Vienna. The samples were analysed after diluting in 0.4M 
ammonium acetate buffer pH 8.0 (K12 and K80) and pH 7.4 (SAS). The dilution 
ratios were: K12- 1:36.999, K80- 1:9.999 and SAS 1:199. SAS prior to dilution was 
additionally filtered using 0.2µm Minisart syringe filter (Sartorius- Vienna, Austria) 
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to avoid clogging instrument’s capillaries due to a presence of very large aggregates. 
Each sample was prepared and analysed in triplicate running 10 (K80 and K12) or 7 
(SAS) scans per replicate. Median calculation between scans was used for final data 
presentation. Macrolon flows of 0.5 L/min filtered air (table-top compressor, Dürr-
Technik, Biegigheim-Bissingen, Germany) and 0.1 L/min CO2 (99.995%, Air 
Liquide, Schwechat, Austria) were used for nano-ESI and a sheath flow of 3 L/min 
in the DMA. Voltage in the nano-ESI was set at 2.5kV resulting in a current of 500-
585 nA. The measurements covered the size range 4.43-163.3 nm. The PNSD was 
calculated as described in (Hallar et al., 2011).  
5.4.3 Centrifugal liquid sedimentation 
A CPS DC24000 UHR centrifuge (Analytik- Cambridge, UK) operating at a 
maximum rotational speed of 24000 rpm was used in this study. All silica ENPs 
were analysed in triplicate. Assessment of dilution requirement was carried out based 
on the visual turbidity of the sample. Only K80 was opaque and required 10 fold 
dilution with BB8.0. Samples were centrifuged in 8-24 % sucrose gradient, as 
specified in the instrument manual (CPS Instruments, Inc., 2005). As a calibration 
standard polyvinyl chloride particles (PVP) of 476 nm diameter were used, as 
provided by instrument’s manufacturer. The ρSiO2 required for the CLS procedure run 
was set at 2.2 g/cm
3
 for all Silica ENPs. The ρps=2.01 g/cm
3
 for SAS was acquired 
from (Woehlecke et al., 2013).  
The run included readings for data points from approximately 700 down to either 8 
nm (K12) or the point in which negative values for absorption were obtained (K80, 
SAS). The 8 nm cut-off point was dictated by the length of sample analysis- to get 
down to this small size approximately 2.5 h was necessary for analysis of a single 
sample. The temperature of sucrose gradient increases with the time of the 
centrifugal run, therefore manufacturer recommends that single sample run does not 
exceed 40 min, after which re-calibration is carried out.  
The data output were histograms with irregular bin width starting at 0.1 nm from the 
smallest particle diameter to 13 nm for largest.   
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5.4.4 Nanoparticle tracking analysis  
An NTA instrument LM14 from NanoSight (NanoSight Ltd, Amesbury, UK) was 
used in the study. All samples were diluted with BB8.0 prior to analysis 6.000 
(K12), 1.000.000 (K80) and 100.000 (SAS) fold. Samples were prepared in triplicate 
and 3 recordings per replicate were performed. Recorded videos were 1 min long and 
were taken at maximal camera shuttle and gain settings. Acquired videos were 
processed with the Nanosight 2.3 software according to the manufacturer’s 
specifications. The raw data output for each single track recorded was used to 
generate PNSDs presented in the study. The bin width for the created histograms was 
2 nm. 
5.4.5 Asymmetric flow field flow fractionation with inductively 
coupled plasma mass spectrometry detection 
The AF4 system consisted of a Wyatt Eclipse
TM
 3+ flow control module (Wyatt 
Technology Europe GmbH, Dernbach, Germany) with a flat AF4 separation channel 
(Superon GmbH, Dernbach, Germany, length 275 mm, wide spacer). The channel 
was equipped with a 350 µm spacer and a 10 kg•mol-1 nominal cut-off regenerate 
cellulose membrane (Millipore®, USA) as the accumulation wall. Flows were 
controlled using an Agilent Technologies 1200 Series quaternary pump equipped 
with a micro-vacuum degasser. All injections were performed using an autosampler 
(Agilent Technologies 1200 Series, large volume kit). The hyphenated detection 
sequence consisted of a MALS (MALS Dawn Heleos II, Wyatt Technology, Santa 
Barbara, US) and an inductively coupled plasma mass spectrometer (ICP-MS, 
Agilent Technologies 7700x).  
Size calibration of the AF4 channel was done with NIST traceable latex beads at 50, 
100 and 150 nm (Thermo Fisher Scientific, Dreieich, Germany), due to the lack of 
certified silica reference materials of different sizes. The eluent for size calibration 
was composed of 0.025% FL70 as a biodegradable detergent (Fisher Scientific, US) 
and 3 mM NaCl (analytical grade, Sigma Aldrich) which was slightly different to 
one used for separation of silica ENPs (mixture of 0.025% FL70 and 0.25 mM 
NaCl). This was necessary because the particle behaviour in the channel is strongly 
related to the surface properties of the particles and so eluent concentration needs to 
be adjusted to a given material. The elution and analysis conditions were 
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experimentally derived by Dr Stephan Wagner and Dr Samuel Legros from 
University of Vienna. 
All samples were injected at concentrations of 100 ppm SiO2. For quality control, 
samples were analysed as triplicates. Total Si recovery ratios for SAS, K12 and K80 
were 0.99 ± 0.06; 1.14 ± 0.03 and 1.04 ± 0.01, respectively. A previous study on 
gold ENPs recovery rates for AF4 found much lower recovery in the range 0.04-0.69 
(Gray et al., 2012). Here, the procedure was optimized for analysis of silica ENPs in 
AF4-ICP-MS and thus we expected the best achievable accuracy in terms of PNSD 
as well.  
Simultaneous MALS detection was used for the examination of the size separation 
and as an indicator of the particle size.  
The generated size distributions of silica ENPs were mass-size based and were 
transformed into PNSD by calculations assuming particle sphericity and ρSiO2=2.2 
g/ml. For MED based distributions this calculation was done following 
transformation of HDD into MED as in Eq. 5.13.   
All AF4-ICP-MS data were obtained analysed and interpreted by Dr Stephan 
Wagner from University of Vienna. 
5.5 Results and discussion 
The results obtained in the study relate to 1) measurement of nearly spherical silica 
ENPs and 2) aggregated SAS particles. The measured particle sizes were compared 
between the methods, in terms of modal, median or mean values. The nominal values 
given by the manufacturer were also considered in the comparisons. Additionally for 
K12, size values at 5
th
 and 95
th
 percentile, and for SAS also at 25
th
 and 75
th
 
percentile, were reported together with RSD% between replicates to allow between-
method comparison and assess particle size measurement repeatability at different 
points of the PNSD. Where raw data (measurements for each single particle) were 
not available (as in the case of GEMMA, AF4-ICP-MS and CLS) the measurement 
values were derived from the histograms given by the methods and therefore are 
meant to be approximate whilst assuming an even distribution of all the size data 
points in each bin of the histogram. To minimise probability of type I statistical 
errors, all measurement methods were compared for the values of given modal sizes 
in K80, percentiles in K12, and SAS PNSDs using MANOVA. If a significant 
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statistical difference was detected ANOVAs followed by relevant post-hoc test 
(specified in the result section) were run in order to determine the methods which 
gave significantly different measurements. All the tests assumed a p of 0.05.  
5.5.1 Measurement of spherical silica engineered nanoparticles  
The particle size distributions derived from different techniques are presented in 
Figure 5.1. The PNSD of K80 sample was divided into 3 arbitrary chosen size 
groups: primary particles: I (18-62 nm), II (63-106 nm) and agglomerates III (107-
160 nm). These groups served for comparison of relative particle abundance within 
the PNSD between the methods using the statistical evaluation described previously 
in Chapter 3. The comparison of modal size measurements from all the techniques 
against SEM was used here to define accuracy of the techniques, as EM has been 
applied in most research papers for characterisation of ENPs (Calzolai et al., 2012) 
and is recommended as a reference method for particle size measurement (EFSA 
Scientific Committee, 2011; Linsinger et al., 2012). 
5.5.1.1 Ability of measurement methods for characterisation of sample 
featuring polymodal size distribution 
Two out of the six methods (NTA and Wet-SEM) did not provide a level of 
resolution necessary to distinguish the two particle populations in K80 PNSD 
(Figure 5.3). For NTA, similar results were previously reported (Mahl et al., 2011) 
(Anderson et al., 2013). However, there was no comparable study on liquid imaging 
techniques carried out so far. Two hypotheses can be used to explain why Wet-SEM 
did not provide sufficient resolution between the two particle size populations:  
 
1. Beam broadening during membrane passage and in aqueous environment 
might have an effect on the particle size in the same way as positioning of 
specimen out of focus 
2.  Subsequent image analysis of such blurred and low contrast images might be 
inaccurate. Therefore it is possible that the error introduced by the image 
analysis is simply too large to deliver reliable image statistics. 
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Figure 5.3- Number-size distribution of K80 and K12 samples measured 
by different techniques, K80-measurments given as total particle size 
distribution from 3 replicates (SEM, NTA, Wet-SEM), mean (GEMMA) 
or selected single replicate (CLS, AF4-ICP-MS), K12- measurements 
from 3 replicates shown (and 2 replicates for Wet-SEM)- different colors 
show different replicates 
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The remaining four methods SEM, GEMMA, CLS and AF4-ICP-MS were able to 
resolve the bimodal PNSD, but exhibited size related differences in particle 
abundance (see section 5.5.1.2).  
5.5.1.2 Measurement method dependant differences in particle 
abundance through size distribution 
Table 5.2 provides a summary of modal and mean measured particle diameters in 
determined points of the PNSD and relative particle abundance in predetermined size 
groups I-III.  
Table 5.2- Mean and modal diameters of particles in the size distribution 
of K80 and relative abundance of particles in predetermined size groups 
(I-III) 
Method 
Size (s.d.) 
Relative particle abundance 
(%) 
 
Mean Mode I Mode II I II III 
SEM 76.1 (3.4)
AB 
47.3 (1.8) 84.7 (1.3) 48 36 16 
GEMMA 69.3 (0.8)
C 
46.1 (1.3) 86.5 (1.8) 41 58 1 
CLS 77.2 (0.6)
AB 43.7 
(0.2)* 
83.6 (0.7) 20 79 1 
AF4-ICP-
MS 
75.7 
(0.9)
ABC 
51.3 
(1.0)* 
81.1 
(1.3)* 23 74 3 
NTA 82.2 (1.7)
A 
N/A N/A 22 62 16 
Wet-SEM 74.6 (5.6)
BC 
N/A N/A 26 64 10 
A-C
Same letter in column with mean size value of K80 sample marks that no significant difference 
was detected between measurement methods (Tukey’s test, p>0.05), *Significant difference detected 
in comparison to SEM measurement (Dunnett’s test, p<0.05). 
Significant differences were detected between methods relative abundance within the 
predetermined size groups I-III (MANOVA, p<0.05). The small particles in group I 
of the PNSD were found most abundant in SEM (48%) and least abundant in CLS 
and AF4-ICP-MS (20% and 24% respectively). Aggregates (group III) were also 
most abundant in PNSD derived by SEM (16%) when compared to GEMMA, CLS 
(1% both) and AF4-ICP-MS (3%). These differences had an obvious effect on the 
particle mean size. CLS, SEM and AF4-ICP-MS mean diameter measurements 
(77.1, 76.2 and 75.7 nm respectively) were not significantly different from each 
other (Tukey’s test, p>0.05) and comparable to declared by manufacturer diameter 
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(80 nm). The GEMMA derived mean diameter was significantly smaller at 69.3 nm 
(with the exception of AF4-ICP-MS). 
However, it is unclear which of the methods measured the sample more accurately. 
In case of SEM, evidence produced in Chapter 3 suggests that method may suffer 
from some level of overestimation of small sized particle number as a consequence 
of sample preparation. This artifact is thought to be a consequence of the sample 
preparation which may selectively remove larger ENPs from the EM grid. Issue is 
further investigated in Chapter 6. The CLS method was previously reported to 
closely follow particle number proportions in PNSD to the expected values 
(Anderson et al., 2013) and in this study also provided similar particle abundance 
proportions in group I and II as AF4-ICP-MS (based on statistical evaluation as in 
Chapter 3). As pointed out previously in Chapter 3, data available in the published 
literature suggest that GEMMA could provide accurate quantification of particles 
through PNSD. GEMMA’s particle detection unit features exponential growth to 
maximum of particle registration efficiency from smaller to larger sizes. It has been 
shown that for the used model the near to maximal registration efficiency 
(approximately 0.95) was obtained after reaching EMD of 4 nm for silver ENPs 
(Kesten et al., 1991). Furthermore data are also available on the determination of 
monomodal PNSD of spherical gold ENPs by several analytical methods including 
GEMMA and TEM (Small and Watters, 2012; Kaiser and Watters, 2007a; Kaiser 
and Watters, 2007b). These reports show, that the PNSDs of gold ENPs generated by 
GEMMA and TEM had similar shape and size range, thus there is no evidence that 
GEMMA is more specific for measuring particles of smaller or larger sizes. 
5.5.1.3 Method’s particle size measurement accuracy  
Shown in Table 5.2 particle modal diameters in K80 determined by GEMMA (Mode 
I:  46.1, Mode II: 86.5) were not significantly different to SEM measurements (Mode 
I: 47.3, Mode II: 84.7 nm, Dunnett’s test, p>0.05), providing more confidence that 
the size measurements were accurate. CLS results also compared well to SEM 
measured particle size in Mode II (83.6 nm, Dunnett’s test, p>0.05), but significantly 
smaller in Mode I (43.7 nm, Dunnett’s test, p<0.05). However, AF4-ICP-MS 
showed particles larger in Mode I (51.3 nm) and smaller in Mode II (81.1 nm, 
Dunnett’s test, p<0.05) than SEM. Although size differences between SEM and 
AF4-ICP-MS or CLS were small (less than 10% of the SEM measured diameter), 
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given that for AF4-ICP-MS and CLS original data outputs are particle mass-size 
distributions transferred by calculation into PNSD, some error in calculated particle 
number could be expected. 
5.5.1.4 Ability of analytical methods to detect and measure small sized 
silica nanoparticles 
Measurements of the particle size at chosen points of size distribution for K12 
sample are summarized in Table 5.3.  
Table 5.3- Mode and percentile diameter in the PNSD of K12 
Method Min
a 
Mode (s.d.) 5% (s.d.) 
50% 
(s.d.) 
95% (s.d.) 
SEM 8.0 15.1 (1.9) 10.6 (0.4) 19.3 (0.7) 37.6 (3.4) 
GEMMA 8.0 23.2 (1.9) 12.1 (1.3) 22.3 (0.3) 40.0 (0.6) 
CLS 9.2 (1.2) 15.2 (7.3) 10.9 (2.2) 20.7 (6.4) 50.2 (9.4) 
AF4-ICP-MS 6.5 (0.3) 26.8 (0.7) 17.5 (0)* 
28.0 
(0.7)* 
44.2 (0) 
NTA 
22.8 
(0.8) 
69.7 (0.6) 42.0 (0)* 
77.3 
(1.2)* 
152.0 (5.3)* 
Wet-SEM 
38.3 
(0.9) 
94.3 (0.7) 
60.3 
(5.1)* 
100.2 
(3.8)* 
174.0 
(14.8)* 
a
Diameter of smallest detected particle, except SEM and GEMMA where the values represent cut-off 
point accepted for the analysis, *Significant difference detected in comparison to SEM measurement 
(Dunnett’s test, p<0.05). 
It was found that none of the methods studied, provided size measurement for K12 
sample close to the nominal 12 nm given by the manufacturer (Table 5.3). It became 
apparent that Wet-SEM and NTA did not allow measuring the main population of 
ENPs in K12 sample (see Figure 5.3), and instead detected only larger particles 
(median: 77.3 and 100.2 nm respectively), the presence of which was not reflected in 
PNSD by other methods The CLS method showed a very high measurement 
uncertainty noticeable in PNSD generated from each replicate (Figure 5.3), and high 
s.d. values for subsequent percentiles (Table 5.4). Interestingly, a previous study 
with the same model of instrument and setup was able to obtain very reproducible 
results for silica ENPs with 20 nm modal diameter (expanded uncertainty <5%) 
(Braun et al., 2012). The K12 ENPs studied here were characterised by a slightly 
shorter modal diameter (15.1 nm by SEM). Therefore it can be concluded that silica 
ENPs smaller than 20 nm cannot be accurately measured by CLS. 
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Comparing the PSND of K12 from SEM and GEMMA indicated that the artefacts 
introduced by agglomeration in SEM analysis of group III in K80 were not apparent 
in K12. 
The use of the K12 sample was aimed at testing the size LOD. However, accurate 
estimation of size LOD for most of the methods was not possible. For SEM, a cut-off 
point (8 nm) was based on a thickness of conductive coating (4 nm), as for particles 
with radius smaller than the thickness of the coating, only a part of the particle could 
be visualized. The smallest observed particles were smaller than 8 nm and hence 
hindered the exact size LOD characterization. In GEMMA an additional peak 
starting at approximately 8 nm and continuing toward lower size values was 
observed in PNSD. This peak was attributed to the background noise (presence of 
dissolved substances in the sample e.g. dissolved Si, or NaOH) and was also noticed 
during examination of the K80 sample (starting at 10-14 nm therefore not shown in 
the Figure 7.3). Thus the size LOD in GEMMA will also be dependent on the level 
of contamination in the test sample. 
It was not possible to accurately estimate the size LOD for Wet-SEM either. The 
observed minimal particle size was 38.3 nm, which was above the set cut-off point 
for the K12 sample analysis (see Table 5.1). However, for the K80 sample, imaging 
at higher magnification was possible (see Table 5.1) and particles down to 27.1 nm 
diameter could be detected. This indicated that the size LOD in Wet-SEM was 
affected by particles drifting away from the membrane at higher magnifications (see 
Instruments section above) and probably sample matrix features such as IS.  
The CLS detected particles at or close to a given size cut-off point (8 nm) for the two 
replicates but for third replicate the size distribution terminated at 10.5 nm (see 
Figure 5.3). Therefore the size LOD could not be unambiguously determined. It 
should be mentioned that in this study we used a very concentrated K12 dispersion 
(30% mass of SiO2). At 10 fold dilution, no response could be detected from this 
sample (data not shown) and therefore it could be concluded that in fact the majority 
of the particles in PNSD of K12 was under the size LOD for CLS.  
For the AF4-ICP-MS and NTA, the smallest measured particle size could be clearly 
identified (6.5 and 22.8 nm respectively). Thus Silica ENPs size LOD for NTA was 
identified. However, for AF4-ICP-MS this value could be even lower than the 
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smallest detected particle size, as it was not possible to confirm with other 
techniques that particles smaller than 6.5 nm were not present in the sample. 
Interestingly, it was also found that PNSD of K12 from NTA and Wet-SEM before 
reaching the size of the smallest detected particles, displayed a gradual decay of 
particle abundance rather than rapid cut-off particle population as for example 
previously reported in study on SP-ICP-MS (Laborda et al., 2013). This result 
suggests that some analytical methods for ENPs may not only be bound by the size 
LOD but also size LOQ- size below which particle count is no longer accurate. The 
size LOQ was likely a reason for detection of significant differences in particle 
abundance in groups I-III of K80 PNSDs derived by different analytical methods and 
is further discussed in the section below.  
5.5.2 Size characterisation of synthetic amorphous silica 
featuring a broad size distribution  
5.5.2.1 Improvement of measurement comparability between techniques 
after data transformation into mass equivalent diameter 
As expected, PNSDs of SAS reported as IED differed strongly depending on the 
analytical technique used (Figure 5.4a, Table 5.4). The broadest and the narrowest 
IED weighted PNSD were obtained by NTA and CLS, respectively with differences 
of 182.2 nm for NTA and 53.1 nm for CLS between the 95
th
 and 5
th
 percentile. 
Particle median sizes were in the range of 40.4 nm for SEM to 115.4 nm for NTA 
and PNSDs and fractions were also found to vary widely with NTA and Wet-SEM 
displaying an approximately normal PNSDs and CLS, GEMMA and AF4-ICP-MS 
showing positively skewed PNSDs. The variation in PNSDs shape may suggest 
method’s selectivity to certain particle size fraction, but also may be a result of 
different measurement expression. 
Transformation of the IED into MED (Figure 5.4b, Table 5.5) resulted in narrower 
PNSD for all the methods with exception of CLS (difference between 95
th
 and 5
th
 
percentile for IED 53.1 nm, for MED 57.3 nm). The difference between 95
th
 and 5
th
 
percentile in MED distributions was ranging from 42.7 to 58.6 nm among the 
measurement methods and was smallest for AF4-ICP-MS and largest for NTA.  
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Wet-SEM, NTA and CLS showed similar MED weighted PNSDs (Figure 5.4b) 
resulting in a similarity between median MED (55.9; 53.3 and 50.8 nm respectively) 
(although Tukey’s test, p<0.05 for CLS and Wet-SEM). Furthermore, the IQR of 
NTA and CLS analysis gave similar results of 23.3 nm and 21.9 nm, respectively, 
whereas the IQR of the Wet-SEM analysis was more narrow (16.2 nm), probably 
due to the cut-off point as well as the size LOQ.  
 
Figure 5.4- Particle number size distribution of SAS obtained by 
different analytical methods 
Even better correspondence of MED transformed PNSDs was achieved for GEMMA 
and AF4-ICP-MS (Table 5.6; Figure 5.4a and b). The PNSDs of SAS from these two 
methods were in a good agreement already for IED measurements (Table 5.5), 
however it can be noticed that the transformation improved the correspondence of 
results especially in the central part of the curve (Figure 5.4 a and b). This can be 
noticed looking also at the difference of median diameter between GEMMA and 
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AF4-ICP-MS measurements in Table 5.5, which decreased after MED 
transformation from 14 to 3% (as relatively to GEMMA given median). 
Thus it can be concluded that the MED transformation generally improved PNSD 
comparability between the methods.  
 
Table 5.4- Mode and percentile diameter in the particle number size 
distribution of SAS given as method IED 
Method 5% 25% Mode 50% 75% 95% 
SEM (ECD) 10.9 (0.7)
A 
22.0 (2.2)
A 
13.9 (2.8) 40.4 (2.7)
A 
68.3 (3.3)
A 
123.9 (6.3)
A 
GEMMA 
(EMD) 
15.5 (1)
A 
44.4 (1.5)
B 
71.6 (2.6) 65.8 (0.6)
B 
90.5 (0.5)
B 131.2 
(0.7)
AB 
CLS (SSD) 29.7 (1.3)
B 
38.3 (0.7)
C 
42.4 (2.9) 47.1 (0.6)
AC 
58.7 (0.5)
A 
82.8 (0.6)
A 
AF4-ICP-
MS (HDD) 
16.0 (2.8)
A 
39.6 (0)
BC 
44.9 (6.7) 56.4 (0.7)
BC 
78.8 (0)
AB 
123.0 (0.7)
A 
NTA 
(HDD) 
43.4 (2.6)
C 
81.8 (3.7)
D 
156.8 (36.8) 115.4 (5.4)
D 153.4 
(5.6)
C 225.6 (8)
C 
Wet-SEM 
(ECD) 
62.3 (4.1)
D 
84.9 (2.2)
D 
94.9 (3.0) 104.3 (7.5)
E 126.6 
(14.4)
D 
182.2 
(57.9)
BC 
 
Table 5.5- Mode and percentile diameter in the particle number size 
distribution of SAS given as MED 
Method 5% 25% Mode 50% 75% 95% 
SEM 10.9 (0.3)
A 
18.1 (0.8)
A 
12.9 (1.8) 28.2 (1)
A 
41.1 (1.3)
A 
63.5 (2.1)
A 
GEMMA 13.2 (0.6)
A 
27.7 (0.7)
B 
39.4 (0.4) 36.5 (0.2)
B 
45.6 (0.2)
AB 
59.4 (0.4)
A 
CLS 32.2 (1.3)
B 
41.4 (0.8)
C 
43.6 (0.8) 50.8 (0.7)
C 
63.3 (0.6)
C 
89.5 (0.7)
B 
AF4-ICP-MS 21.2 (0.1)
C 
29.9 (0)
B 
32.5 (1.1) 37.6 (0)
B 
46.8 (0)
B 
63.9 (0.2)
A 
NTA 26.8 (1.2)
D 
41.9 (1.3)
C 
65.9 (11.1) 53.3 (1.8)
CD 
65.2 (1.7)
C 
85.5 (2.1)
B 
Wet-SEM 38.5 (1.9)
E 
48.2 (0.9)
D 
52.2 (1.2) 55.9 (2.9)
D 
64.4 (5.3)
C 
83.5 (19.4)
B 
A-F
Same letter in column with percentile size value in Table7. 4 and 7.5 means that no significant 
difference between measurement results was detected (Tukey’s test, p>0.05).  
5.5.2.2 Causes of remaining discrepancies in between mass equivalent 
diameter distributions given by different methods  
Despite the improvement, a complete comparability of the MED weighted PNSDs 
for SAS by different methods was not achieved. For example, the median MED for 
SEM was not comparable to any other median MED and although SEM covered 
similar 5
th
 to 95
th
 percentile size ranges to GEMMA (10.9 to 63.5 nm for SEM and 
13.2 to 59.4 nm for GEMMA), the 25
th
 percentile and median sizes were smaller for 
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SEM (18.1 and 28.2 nm, respectively) compared to GEMMA (27.7 and 36.5 nm, 
respectively). This provides further evidence for more selectivity of SEM sample 
preparation (see Chapter 3 and section 5.5.1.2) towards smaller particles.  
The incomparability of the SAS MED PNSD derived from Wet-SEM, NTA and CLS 
to those derived from GEMMA and AF4-ICP-MS was most likely a consequence of 
the particle size LOD and LOQ. Based on the modal MED (Table 5.5) the size LOQs 
proposed for CLS, NTA and Wet-SEM are 43.6 nm, 65.9 nm, and 52.2 nm 
respectively. These values correspond with the data for the K80 apparently 
underestimating the particle population in the size fraction 18 to 62 nm (see Table 
5.3, group I in section 5.5.1.2). It could be observed that for NTA estimated modal 
diameters of the K12 and SAS (MED) differed less than one s.d. from each other. 
Hence it can be assumed that the size LOQ identified here could be generally 
proposed for silica-based ENPs. A comparable relationship between the modal sizes 
of K12 and SAS measured by Wet-SEM and CLS was not obtained. In case of Wet-
SEM, this is probably due to the behaviour of the ENPs during imaging, whereas for 
CLS the K12 sample’s PNSD was not reproducible, and thus potentially below size 
LOQ. 
It was expected that AF4-ICP-MS will also have size LOQ for SAS because, for 
K80, a significant underestimation of particle number in group I was detected when 
compared to GEMMA (Tukey p<0.05, analysis based on procedure in Chapter 3, 
data not shown). The concentration LOD of ICP-MS detection was estimated at 10 
µg/l and it was found that a part of the data points in K80 and SAS PNSDs were 
below this concentration (K80 particles smaller than 39 nm and SAS particles 
smaller than: IED 22nm, MED 17 nm). Deriving LOD for analyte concentration was 
out of the scope of this work, however it had to be mentioned for accurate 
interpretation of the results.  
The good comparability of GEMMA and AF4-ICP-MS derived PNSDs for SAS, 
indicates that these two methods were not subjected to the size LOQ limitation and 
so the characterisation of SAS is likely most complete among the tested techniques.  
5.6 Conclusions 
This study determined PNSDs for silica ENPs by different analytical techniques. The 
findings enabled development of a concept of data transformation to derive 
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comparable particle size distributions across different methods. The PNSD of SAS 
could not be fully characterised in this study due to measurement outputs being 
restrained by the size LOD, and for some methods a gradual decline in the detection 
sensitivity prior to reaching the size LOD. Particle sizes below which the method 
sensitivity was decreasing (size LOQ) were determined for CLS, Wet-SEM, and 
NTA. Remaining methods were limited in relation to small sized particle detection 
by the background noise (GEMMA), sample preparation (SEM), or concentration 
LOD (AF4-ICP-MS). The sample preparation steps used for SEM seemed to 
overestimate particle number in the small size region, and in one studied sample, 
also induced apparent agglomeration. Wet-SEM, although required minimal sample 
preparation, was impaired by the high size LOQ and inability to distinguish between 
two particle populations in a bimodal size distribution. This result points out that 
more work needs to be undertaken on the evaluation and development of sample 
preparation methods for the high vacuum electron microscopy, such as corrections 
for overestimation of small sized particle number within PNSD (Chapter 6).  
The described set of relationships, allowing conversion of IED for the case of SAS 
fractal aggregate into MED, allowed interpretation and comparison of PNSDs 
produced by different methods. The MED is one of possible ways of interpreting the 
data outputs from measurement techniques and it is worth emphasising that CLS 
provides means for this measurement without the necessity of knowing the particle 
fractal structure, that is as long as particle size range does not fall below the specified 
size LOQ and no chemical speciation is required in the study.  
The MED unit could be recommended for normalization of measurement expression 
in between studies on ENPs and could be also considered for implementation in 
emerging nanomaterial definitions and regulations. By means of MED 
transformations presented in this study, the measurements from different techniques 
can be related and thus distributions transformed from one into another equivalent 
diameter.  
Two additional benefits from expression of data as MED arise  
1. regardless of particle shape, a total recovery calculation based on mass of 
individual ENPs can be performed  
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2. validation of results in between methods for samples such as e.g. fractal 
aggregates, where no reference materials was so far available became 
possible 
Extend of these benefits application was presented using data generated in Chapters 
3 and 4 in Annex 1. Described benefit 2 could lead to the development of required 
reference materials which would aid farther ENP measurement method development 
and validation. 
In summary MED could be used as a basis to provide a uniform way of expressing 
particle size measurements to support future research on nano-sized or nano-
structured materials. 
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Chapter 6 
Refinement of electron microscopy sample preparation and 
measurement analysis for the engineered nanoparticles 
with broad size distribution 
6.1 Introduction 
In previous Chapter 5 it was pointed out that EM sample preparation introduces a 
significant error in ENP size measurement. Figure 6.1 recalls a comparison of SEM, 
and GEMMA measured PNSD of SAS ENPs from Chapter 5 to illustrate 
overestimation of small particle number in PNSD derived by SEM.  
 
Figure 6.1- Measurement of SAS PNSD by GEMMA and SEM given as MED. 
Vertical lines are marking median of respective PNSDs.  
The quantification of the median measurement error resulted from overestimation of 
small particles in SAS PNSD was presented in Annex 1. There it was shown that 
expanded measurement uncertainty for SAS in pristine dispersion was boosted from 
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10-12 to 37-40% due to flawed trueness. Thus it became clear that errors of this 
magnitude requires correction if EM shall be used for characterisation of ENPs 
featuring broad PNSD range. 
The overestimation of number of small particles in PNSD as a consequence of the 
sample preparation used in Chapters 4 and 5 may be explained by smaller particles 
being more firmly attached to the microscopy substrate than the larger ones. Such 
supposition is justified by smaller particles having larger % surface area in contact 
with the microscopy substrate. As a consequence a selective removal of larger ENPs 
from the sample during washing of the microscopy substrate and blotting may have 
place as suspected in previous works (Balnois and Wilkinson 2002; Luo et al. 2013). 
The so far unanswered questions are: 1. Is this artifact solely a consequence of 
particle size? 2. Can it be corrected for?  
To answer these two questions here a calibration approach for the sample preparation 
method used through the study (Chapters 4 and 5) was presented and discussed. As a 
calibration material citrate coated Au ENPs and spherical silica ENPs (Kmix) 
characterised by a polymodal distribution were selected. These two chemically 
different ENPs were chosen to verify whether except of size also composition of 
ENPs had an impact on shape of calibration curve. Derived calibration was then 
applied to correct MED expressed PNSD of SAS generated previously in Chapter 5. 
6.2 Materials and methods 
6.2.1 Calibration approach 
The calibration approach was based on the measurement of the ENP PNSD by EM 
and a reference method. As a calibrant, spherical ENP samples featuring polymodal 
distribution were prepared in order to cover a need for a broad PNSD and allowing 
between method comparison of particle abundance in smallest to largest size 
fractions of PNSD. Quotients of particle abundance in assigned particle size fractions 
of EM to reference method derived PNSDs were used to generate a calibration curve. 
From this curve a size dependent correction factor (f) for particle counts in PNSD 
was obtained. This correction factor was then used to correct SAS PNSD expressed 
as MED.  
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Two reference methods were used for obtaining calibration curve: CLS and 
GEMMA. CLS was selected as a reference for Au ENPs PNSD and GEMMA for 
Kmix PNSD. Evidence in the literature suggested that both methods quantify ENPs 
accurately (Kesten et al., 1991; Anderson et al., 2013). Additionally, in-house 
performed assessment of CLS for quantification of Au ENPs verified that the 
method provided accurate results.  
Kmix sample was characterised previously in Chapter 3 by means of SEM and 
GEMMA and these data were re-used in this study. Au ENPs were characterised as 
described below. 
6.2.2 Engineered nanoparticles  
Au ENPs were selected to confirm whether the calibration curve was transferable for 
chemically different ENPs. Citrate coated Au ENPs of 5 different sizes were 
purchased from BB International (Cardiff, UK). In previous studies it was found that 
the particle number overestimation was highly apparent for particles with diameters 
under 30-40 nm (Chapter 3 and 5). Therefore dispersions of monomodal Au ENPs 
(Mono Au ENPs) of nominal diameters: 10, 15, 20, 30 and 50 nm were selected. 
These 5 dispersions were mixed at concentrations given in Table 6.1 using DMW to 
obtain a well-defined polymodal sample (Poly Au ENPs). 
The Kmix sample was previously described in (Chapter 3): the sample was divided 
in 4 size fractions (ranges given in Chapter 3) with modal sizes of 15.1; 47.3; 84.7 
and 120.3 nm, respectively. These size fractions (with numbers given I to IV) were 
previously characterised by % abundance of particle numbers per size fraction by 
GEMMA (26, 38, 29 and 7%, respectively) and by SEM (51, 26, 19 and 4% 
respectively). SEM analysis was preceded by the T2 Gel sample preparation (see 
Chapter 3). 
The SAS was previously characterised in Chapter 5, section 5.5.2: The PNSD of this 
sample was broad, with the main population of particles ranging from ~8 to 120 nm 
and some particles (agglomerates/aggregates) reaching a few hundred nm in MED. 
MED based PNSDs of SAS obtained by GEMMA and SEM were compared and it 
was found that due to the applied sample preparation method the fraction of particles 
in the range of 8 nm to 24 nm was overestimated by SEM resulting in a shift in the 
median diameter from 36.5 nm (GEMMA) to 28.2 nm.  
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Table 6.1- Size and concentration data of Au ENPs obtained by CLS and 
EM and provided by the manufacturer 
a
measurement derived by TEM,
 b
data provided by the manufacturer, 
c
values determined by calculation 
based on Au mass concentrations provided by the manufacturer and mean diameter obtained by TEM  
6.2.3 Electron microscopy 
A JEOL-JEM 2011 TEM operating at 200 kV (Nanocentre, University of York, UK) 
was used for the image acquisition of Mono Au ENPs and Poly Au ENPs. 
Additionally Mono Au ENPs were imaged by SEM (FEI Sirion S FEG SEM- 
Nanocentre, University of York). The SEM was operated at 5kV, spot size 3 and 
through lens detection.  
Subsequent image analysis for the particle size measurement was carried out using 
OBIA. All particle size measurements for spherical ENPs (all studied ENPs, with 
exception of SAS) were expressed as ECD. The SAS’s size was expressed as MED. 
The ECD is equivalent to the MED, if particles are spherical. Thus here a hypothesis 
was made that a calibration using spherical ENPs would be valid for non-spherical 
ENPs if their size is expressed as MED.  
Particle nominal size (nm) 10 15 20 30 50 
Particle mean diameter 
(nm)
a 9.5 14.9 20.9 30.7 48.6 
Gold concentration in 
initial dispersion (µg/ml)b 
57.6 47.7 56.6 1090 853 
Gold concentration in Au 
ENPs sample analysed by 
EM (µg/ml) 
1.152 4.77 11.32 54.5 170.6 
PNC in Au ENPs sample 
analysed by EM (particles 
x 10
11
/ ml)
c 
1.32 1.42 1.23 2.07 1.48 
Expected particle 
abundance in Au ENPs 
sample (%) 
18 19 16 27 20 
CLS given proportions 
based on measurements of 
initial stock dispersions 
17.6 21.2 19.7 23.3 18.2 
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6.2.4 Gas-phase electrophoretic mobility molecular analyser 
measurements 
Kmix and SAS sample measurements previously generated in Chapters 3 and 5 by 
GEMMA were adapted in this study. The data were used for comparison and 
discussion of robustness of the calibration obtained by Poly Au ENPs as reference 
material.  
6.2.5 Centrifugal liquid sedimentation     
The CLS instrument (CPS DC24000, Analytic, Cambridge, UK) was operated at a 
maximum speed of 24000 rpm. The analytical procedure settings were adjusted 
following the instrument manufacturer’s guideline: 1. gold ENPs density: 19.3 
g/cm
3
, 2. gold ENPs refractive index: 0.47. The measured particle size range was set 
on 5-150 nm.  
The spinning disc was filled with a gradient of sucrose solution (8-24%) and topped 
with dodecan to prevent the water from evaporation (according to the manufacturer’s 
guideline). All Mono Au ENPs as well as Poly Au ENPs were measured by CLS. 
Size calibration of the instrument was carried out before each sample run. As a 
calibrant citrate coated Au ENPs were used: 8012 Gold Nanoparticles Nominal 30 
nm Diameter from NIST (Gaithersburg, US) instead of the polyvinyl chloride beads 
(PVC) proposed by the manufacturer. According to carried out in-house assessment 
the PVC beads were found to compromise particle size measurement trueness, which 
had an impact on the readings of particle number concentrations (data not shown). 
The calibration settings were: 1. Half peak width: 6nm and 2. Peak diameter: 27 nm 
(estimated based on the NIST report of investigation) (Kaiser and Watters, 2007a).  
6.3 Results and discussion 
6.3.1 Characterisation of calibrant- gold nanoparticles using 
electron microscopy and centrifugal liquid sedimentation 
The PNSD of Mono Au ENPs analysed by CLS, TEM and SEM as well as CLS and 
TEM measurements of Poly Au ENPs are presented in Figure 6.2. It can be noticed 
that a certain level of diameter overlap was present in between particle populations 
from Mono Au ENPs in all the analyses. However in TEM and CLS derived PNSDs 
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this level was low (Figure 6.2a and b respectively), whereas for SEM it was very 
significant (Figure 6.2c), especially between gold ENPs with nominal diameters 10, 
15 and 20 nm.  
The broadening of PNSD observed by SEM analysis compared to TEM analysis was 
previously noticed by (Luo et al., 2013- Annex 4). However, other sources e.g. 
reports of investigation of monomodal gold ENPs using both types of EMs do not 
confirm this information (Small and Watters, 2012; Kaiser and Watters, 2007a; 
Kaiser and Watters, 2007b). Ultimately, the instrument’s operating parameters such 
as voltage, current and detection type can potentially influence the PNSD. In this 
study it was found that the broadening of PNSD determined by SEM was particle 
size dependent. The IQR within the PNSD of Mono Au ENPs of 50 nm nominal 
diameter was 1.53 times higher in SEM than in TEM. It was found that the 
discrepancy of IQR between two microsocopes was increasing with decrease of 
particle size and was highest in case of nominal diameter 15nm Mono Au ENPs 
(2.80 times higher in SEM than in TEM). The PNSD of Mono Au ENPs with a 
nominal diameter of 10 nm was limited by the cut-off point within the SEM 
analysis- 8 nm (Chapter 5, section 5.5.1.4). Thus for this sample IQR was only 1.86 
times longer in SEM than in TEM.  
The comparison of PNSD broadness between various analytical methods was 
previously carried out in other studies. For example Anderson et al. (2013) 
suggested that the method which reveals narrower PNSD is likely to be correct, as 
particle swelling can take place under different analytical conditions (in quoted study 
CLS provided narrower PNSDs of polystyrene particles than TEM analysis). 
Following this reasoning here TEM analysis could be considered more trustworthy 
in terms of PNSD measurement in comparison to SEM. 
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Figure 6.2- PNSD of Mono Au ENPs (dotted lines) and Poly Au ENPs 
(continuous lines) measured by a) CLS, b) TEM, c) SEM (Poly Au ENPs 
not measured). Black dotted reference lines point mean diameter of 
Mono Au ENPs measured by TEM.  
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In order to allow distinction between particle populations originating from different 
Mono Au ENPs, Poly Au ENPs was analysed by TEM rather than SEM. However, 
for the measurement of silica ENPs SEM was used, due to a very poor contrast of 
these ENPs in TEM (see e.g. Figure A1.2a in Appendix 1). Thus in further result 
discussion the PNSD broadening in SEM was also brought up to explain possible 
differences of PNSD between SEM and a reference method (GEMMA). 
The Poly Au ENPs PNSD from TEM and CLS displayed in Figure 6.2a and b as 
expected (Chapter 3 and Chapter 5) clearly differed in terms of particle abundance. 
For the quantitative comparison the PNSDs for Poly Au ENPs obtained from both 
techniques was divided into five groups (GI-GV). As there was an overlap between 
particle populations, the size ranges of the size fraction groups GI-GV were not in 
complete agreement with the initial Mono Au ENPs. The cut-off points of the size 
fractions were chosen based on the minimal particle counts between the peaks. These 
points were different for CLS and TEM derived PNSDs (see Table 6.2), because it 
was found that the CLS tends to underestimate particle sizes compared to TEM, 
especially if measured particles are smaller than the calibrant particles (here 30 nm). 
This can be explained by the relative increase in the amount of stabilizing agent on 
the particle surface with decrease in size, which results in a lower density of the 
particles. The decrease in density decelerates the particle sedimentation velocity in 
CLS, which in turn results in smaller measured particle diameters, as demonstrated 
by (Zook et al., 2011).  
Table 6.2- Size range of groups GI-GV for Poly Au ENPs and relative 
particle abundance 
Method  GI GII GIII GIV GV 
CLS 
Diameter range 
(nm) 
6.0-
10.2 
10.3-
15.7 
15.8-
22.0 
22.1-
36.5 
36.6-
60.0 
TEM 
8.0-
12.5 
13.0-
17.5 
18.0-
25.5 
26.0-
36.0 
36.5-
60.0 
CLS Particle abundance 
(%) 
16.0 23.4 20.3 23.0 17.3 
TEM 22.6 26.5 20.8 18.1 12.0 
 
The % particle abundance of Poly Au ENPs for each chosen size factions (GI-GV) as 
characterized by CLS and TEM are summarised in Table 6.2. The % particle 
abundance for all groups GI-GV determined by CLS was in good agreement with the 
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previous CLS estimation of particle abundance in Mono Au ENPs- Table 6.1 (1-2% 
of difference). Therefore it can be concluded that the overlap of the PNSD of the 
Mono Au ENPs and the chosen size fraction cut-offs did not influence the 
quantification of Poly Au ENPs significantly and also that agglomeration of the Poly 
Au ENPs was minor. 
TEM results show higher % abundance of particles in size fractions GI and GII 
compared to CLS (16.0 and 23.4 for CLS and 22.6 and 26.5% for TEM, 
respectively). The % abundance of particles in groups GIV and GV was lower in 
TEM (18.1 and 12.0%, respectively) compared to CLS (23.0% and 17.3 %, 
respectively).  
6.3.2 Generating calibration curve 
In order to calibrate the sample preparation method for the measurement of ENPs 
with broad size distributions (Poly Au ENPs and Kmix) the quotients of % particle 
abundance obtained by EM analysis and the reference method (f) for each size group 
were plotted against mean (Poly Au ENPs) and modal (Kmix) ECDs (Figure 6.3a 
and b). Modal rather than mean diameters were chosen for Kmix sample because it 
was not possible to measure initial monomodal stock dispersions for this sample 
(one of them- K80 was already bimodal). For all Mono Au ENPs the PNSD was 
following approximately a Gaussian distribution therefore mean size measurements 
derived were approximately equal to modal size measurements. 
 
Figure 6.3- PNSD calibration curves for ENPs featuring a broad size 
distribution (dependence of the f to ECD using a.) Poly Au ENPs and b.) 
Kmix particles 
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The relationship between ECD and f for both Poly Au ENPs and Kmix was not 
linear. If particle size was the only factor affecting % particle abundance, then the % 
of total particle surface in contact with the TEM grid gelatin coating could be a 
factor affecting a chance of the particle being removed during the sample 
preparation. The dependence of % surface of the particle in contact with the TEM 
grid from diameter at assumption of particle sphericity can be derived from spherical 
cap and sphere surface equations and is given by Eq.6.1:  
        
  
   
 Eq. 6.1 
 
%s- fraction of particle surface area in contact with the gelatin coating on the TEM 
grid (%) 
h- thickness of the gelatin coating (equals  height of the spherical cap) (nm) 
 
This dependence is shaped as a power curve. However, for both types of ENPs Poly 
Au ENPs and Kmix the f increased more rapidly with the decrease of particle 
diameter than expected from power law (Figure 6.2a). Therefore, better correlation 
and thus description of the calibration curve was obtained using exponential decay- 
Eq. 6.2 (for Poly Au ENPs) and 6.3 (for Kmix) than a power law. For both Poly Au 
ENPs and Kmix, R
2
 of 0.99 was obtained for exponential decay fit, compared to R
2
 
of 0.98 and 0.91 for power fit respectively. 
 
                          Eq. 6.2 
   
 
                           Eq. 6.3 
   
 
It could be noticed that the obtained calibration curves (Eq. 6.2 and 6.3) derived for 
Poly Au ENPs and Kmix samples were different. The overestimation of small 
particle size fraction was larger in the case of Kmix (at d=15.1 nm, f=1.98) than Poly 
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Au ENPs (at d=14.9 nm, f=1.13). This implies that the particle chemistry affected the 
calibration. Differences in the physicochemical characteristics at the particle surface 
(see Figure 6.4) could provide a clue to the underlying reasons. The silica molecules 
at the surface of Kmix are likely to carry a higher overall negative charge due to the 
oxygen atoms bound to silicon on the surface (electronegativity difference of Si-O 
bond = 1.6 eV in Pauling scale), compared to citrate modified surface of Poly Au 
ENPs (electronegativity difference of C-O bond = 0.9 eV in Pauling scale). In view 
of these differences in surface characteristics, silica ENPs are likely to be more 
strongly attracted to the positively charged amino group of gelatin than citrate coated 
gold ENPs.  
 
Figure 6.4- Interaction of gold and silica ENPs stabilized with citrate 
and sodium hydroxide respectively, with gelatin coating on the TEM grid 
6.3.3 Calibration of particle size distribution of synthetic 
amorphous silica 
In conclusion the calibration curve generated from Kmix sample was considered 
more appropriate for correction of PNSD of SAS because of the similarities in 
particle surface chemistry. To generate calibration corrected PNSD of SAS the 
particle counts for respective diameter measurements were divided by f values 
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generated from Eq. 6.3. The Figure 6.5 presents SEM and reference method 
(GEMMA) derived PNSDs of SAS expressed as MED.  
 
Figure 6.5- The PNSD of SAS measured by GEMMA and SEM a) 
initially, b) after correcting SEM result for calibration Eq. 6.3 
It can be noticed that the correction resulted in a shift of median SAS size from 
28.2±1.0 nm to 36.3±0.6 nm. The median size derived from SEM after correction 
was similar to that estimated by GEMMA reference method: 36.5±0.02 nm (t-test, 
p>0.05). However, it was also noticed that the IQR of PNSD in SEM distribution 
was 1.31 times broader (23.5 nm) in comparison to GEMMA (17.9 nm). It is 
anticipated that except of the previously mentioned instrument’s operating settings 
and particle size, the chemical composition of the ENPs, can also affect PNSD 
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broadness. The reason might be the electron beam penetration depth in the material, 
which depends on the chemical composition of the sample and electron beam voltage 
(Molhave, 2004). As all the samples were imaged at same instrumental settings, the 
deeper penetration depth of the electron beam within silica, compared to gold ENPs, 
potentially allowed to reduce the PNSD broadening effect. Interestingly, previously 
it was found that for a monomodal sample of spherical silica ENPs with relatively 
narrow IQR=9.9 nm in SEM was similar to that generated by GEMMA: IQR=10.1 
nm (K12 sample in Chapter 5). Therefore it is anticipated that the difference in 
particle shape could also influence the broadness of PNSD. The SAS materials were 
composed of the primary particles measuring on average 9 nm (Chapter 5). The 
boundaries of such small objects could have been affected by the instruments 
resolution (approximately 2 nm), which might have affected accuracy of the 
measurement resulting in broadening of PNSD. 
However, despite the difference in particle shape between the calibration material 
(spherical Kmix) and a sample (aggregated SAS), it was possible to obtain PNSD of 
SAS that was not biased by the sample preparation method. 
6.4 Conclusions 
In this chapter an approach for the correction of particle size underestimation due to 
overestimation of small particle counts by the sample preparation, was introduced. 
The method used multimodal particle systems. It was shown that spherical particles 
can be successfully applied to calibrate the PNSD of aggregated ENPs, when the 
PNSD is expressed as MED. It was also found that particles with different surface 
chemistry can have an effect on calibration. This is a disadvantage, especially of 
concern, if ENPs in complex matrices are assessed. In such cases particles can 
undergo surface chemistry transformation in unpredictable ways. In a previous study 
(Chapter 4) the pH of the sample was adjusted to stabilize SAS using a buffer (BB 
8.0) to avoid this problem. Other sample preparation approaches, where ENPs are 
separated from the matrix could also be considered.  
Here the correction for introduced size measurement artefacts by sample preparation 
for citrate coated gold and silica ENPs was presented. Research needs to include 
calibration approaches for different type of particles, potentially leading to a highly 
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useful generalization of calibration equations for a broader group of particles with 
different surface chemistries. 
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Chapter 7 
General discussion and conclusion 
7.1 Introduction 
The increasing application of nanotechnology in the food industry raises demand for 
the risk assessment of the new products before they can be introduced to the market.  
A frequently studied property of the ENPs after spiking into complex matrices is size. 
This is because size can determine the uptake of the ENPs into the cells and their 
toxicity (Jiang et al., 2008a; Fede et al., 2012). Thus the accurate estimation of the 
ENPs size distribution in foods is important.  
EM is recommended and used as a reference method for the measurement of ENPs 
in general (Hagendorfer et al., 2012; Tiede et al., 2009a; Linsinger et al., 2012; 
Calzolai et al., 2012; Anderson et al., 2013) and also in food and feed (Dekkers et 
al., 2010; Weir et al., 2012; EFSA Scientific Committee, 2011). Although the 
application of the method is widespread still not much is known on how accurate the 
results of ENP measurements are, especially in the case of materials characterised by 
a broad size distribution and non-spherical ENPs. Another challenge is the 
unavailability of standardized protocols for preparation of food samples containing 
ENPs. Therefore the research presented in this thesis aimed to develop and validate 
EM-based approaches (sample preparation, imaging and image analysis) for 
determination of ENP size distribution in foods. This chapter will firstly give a brief 
summary of the research achievements and then explore the implications of these 
achievements for current guidance on risk assessment of ENPs in foods. Suggestions 
on further work on method development will also be given. 
7.2 Key findings of the research study 
In this work the EM methods were evaluated and developed for the measurement of 
ENPs in food matrices. In Chapter 3, potentially suitable sample preparation 
protocols which were previously used for food and biological sample preparation 
(Chapter 2) were evaluated. It was found that the ENPs in liquid food matrix were 
prone to changes due to the sample preparation. These alterations included 
agglomeration or discrimination of large ENPs number in the PNSD. Agglomeration 
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of colloids and ENPs was previously reported in numerous studies (Balnois and 
Wilkinson, 2002; Doucet et al., 2005; Tiede et al., 2008), but discrimination of 
particle size fraction was so far rather a supposition than a fact supported by clear 
scientific evidence (Balnois and Wilkinson, 2002; Luo et al., 2013). In Chapter 3 
such evidence was obtained using an ENP sample featuring polymodal size 
distribution and by comparing EM results against a reference method (GEMMA) 
which was previously shown to accurately quantify ENPs (Kesten et al., 1991). 
Unfortunately a sample preparation method which would not induce any of the two 
artefacts (either agglomeration or overestimation of small particle number) was not 
found. Thus a method which, whilst not optimum, was thought to be the most 
suitable, based on recovery of ENPs from food samples and minimized 
agglomeration was selected for further validation. The validation described in 
Chapter 4 was a first attempt of obtaining data on reliability of EM measurements of 
ENPs in foods. It was also the first study evaluating the contribution of subsequent 
stages in the data acquisition process to the measurement precision for such samples. 
Chapter 4 also emphasized that measurement trueness for SAS ENPs in tomato soup 
could not be estimated. This was due to the unavailability of either reference 
materials or methods against which the EM measurements could be compared. The 
problem was a consequence of inherent SAS properties. SAS was characterised by 
aggregated structure and because of this, each of the analytical methods, which 
employ different measurement principles were generating different measurement 
outputs (see Chapters 1 and 5). Comparison of size measurements of such randomly 
aggregated ENPs between methods was so far not possible (Kasper, 1982; DeCarlo 
et al., 2004). Nevertheless the literature provided evidence that particle behaviour on 
which measurements were based could be linked to its fractal geometry (e.g. 
Boldridge, 2010; Melas et al., 2012; Maricq and Xu, 2004). Using this concept in 
Chapter 5 a series of calculations for MED- the diameter of a compact sphere having 
the same mass as an ENP aggregate was developed. MED values for SAS were then 
derived from the measurements of ECD, HDD, SSD and EMD given by SEM, NTA 
and AF4-ICP-MS as well as CLS and GEMMA respectively. This is the first known 
study linking measurements of randomly aggregated ENPs in between the methods. 
It was found that AF4-ICP-MS and GEMMA measurements of SAS after MED 
transformation were in excellent agreement. Nevertheless SEM overestimated 
particle number in the small size region, which was also confirmed by observations 
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for spherical silica in Chapter 3. Thus in Chapter 6 correction for small particle 
number overestimation in was developed. Using spherical silica ENPs it was 
possible to successfully correct the measurement of aggregated SAS ENPs expressed 
as MED. 
Overall the study identified problems connected to the measurements of ENPs also 
in foods and provided some valid solutions. Nevertheless results also show that more 
research is needed for routine application of the method and identified some inherent 
problems with addressing current guideline for the risk assessment of ENPs in foods 
(EFSA Scientific Committee, 2011). These challenges are described in the sections 
below. 
7.3 Implications and recommendations for further method 
development 
A general challenge in the measurement of ENPs is the availability of reference 
materials. Certified reference materials for ENPs size are available on the market for 
few decades, however so far no materials with certified particle number as well as 
size have been developed. These are obviously required for the determination of 
accuracy of the PNSD measured by the method. In view of the non-availability of 
these materials many authors use confirmatory techniques for result validation in the 
studies (e.g. Chapter 3; Tiede et al., 2009a; Dekkers et al., 2010; Peters et al., 2012; 
Loeschner et al., 2013a; Park et al., 2013). The problem with this approach is 
incomparability of the measurement outputs for non-spherical particles (Kasper, 
1982; Naito et al., 1998; Bowen, 2002; DeCarlo et al., 2004; Domingos et al., 2009; 
Chapter 5). Authors have discussed application of the dynamic shape factor or 
effective density to correct for particle shape and express particle size MED (Kasper, 
1982; Kousaka et al., 1996; DeCarlo et al., 2004; Kamiti et al., 2012; Woehlecke et 
al., 2013). However, each of the methods following different flow regime require 
estimation of a separate dynamic shape factor or effective density and is problematic 
for some of the ENP shapes like e.g. aggregates. An alternative solution for deriving 
MED of particle aggregates was described in Chapter 5 using as an example SAS. 
SAS was difficult in detection for some of the studied methods. High size LOD and 
size LOQ’s for light scattering and absorption methods did not allow full comparison 
of SAS PNSD between all methods. Therefore a study featuring different ENPs with 
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higher refractive index, e.g. titanium dioxide could be considered to validate given 
methodology for these methods. Additionally further validation of MED 
transformation approaches could be supported with a method which measures MED 
in a direct way, such as SP-ICP-MS.  
The further development of MED transformations for other analytical techniques and 
other types of ENPs is of importance when reporting results from the studies where 
ENP size is crucial. Such uniform expressions are lacking so far in the literature. 
This so far hampered interpretation of the data and developments of reference 
materials as well as full validation of measurement methods for ENPs of broad size 
distribution and non-spherical shape.  
Shown in this research EM validation (Chapter 4) emphasized problem with defining 
ENP size measurement trueness due to lack of reference materials or methods for 
ENPs characterised by a broad PNSD and non-spherical shape. In Chapter 5 
comparison of EM with other techniques for such sample was carried out and it was 
found that EM introduced a significant shift of the distribution toward smaller ENP 
sizes. Thus the trueness of EM measurements for ENPs with broad size distribution 
was compromised. In Annex 1 it was shown that the ENP measurement trueness 
error was very significant. It is therefore suggested that calibration (e.g. presented in 
Chapter 6) is applied to correct PNSD from EM.  
Although the calibration was proven to be successful, it was also shown that surface 
chemistry of ENPs is likely to affects calibration. The chemical transformation of the 
particle surface in a food matrix may lead to difficulties with the application of the 
calibration approach and more research is needed to address these difficulties. 
Extremely small sample intake in EM when compared to other analytical techniques 
was another concern emphasized in this study. Only a volume of few pl can be 
analysed at once. Linsinger et al., pointed out the necessity of measuring very high 
numbers of particles and proposed that 500 measurements were needed for obtaining 
reliable information on particle size (Linsinger et al., 2013). Some practical solutions 
to this problem are described in Chapter 4 and ISO draft guidance (Draft ISO/WD 
14411-2, In preparation) showing that this number can be high (over 500) or low 
(less than 50) depending on the broadness of PNSD in particle population and 
desired level of confidence. Nevertheless, small sample intake in EM still poses a 
problem in the representative sampling of particle populations when dealing with 
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ENPs in food samples (Chapter 4). Thus for further method validation removal of 
the matrix prior to preparation is advised in order to improve the measurement 
certainty. Summarising, the measurement of ENPs even in pristine dispersions is still 
challenging although advances were made in recent years in this field. Thus the 
further considerations for measurement of ENPs in complex matrices needs to be 
based on this state-of-the-art knowledge and requires further detailed considerations 
described below. 
7.4 Implications for current guideline on risk assessment of 
engineered nanoparticles in foods  
EM offers a distinct advantage over other analytical approaches when it comes to 
analysis of ENPs in foods and other complex matrices. This is because visualisation 
of the sample (with certain exception of e.g. organic ENPs) allows identification of 
association of the ENPs with the matrix components (e.g. Tiede et al., 2009c). In 
other analytical techniques this association may lead to difficulties in result 
interpretation. Authors working on analytical method development for Ag ENPs in 
complex matrices reported incomparability of PNSD derived from EM micrographs 
versus AF4-ICP-MS, SP-ICP-MS (Loeschner et al., 2013a) and HDC-ICP-MS 
(Tiede et al., 2010). In both cited studies, Ag ENPs used were approximately 
spherical. Thus results suggested that association of these ENPs with matrix (meat 
(Loeschner et al., 2013a) and activated sludge (Tiede et al., 2010) had a significant 
effect on particle elution time in AF4 and HDC as well as ionization of single ENPs 
in SP-ICP-MS. Nevertheless successful application of methods which do not allow 
distinguishing between ENPs and matrix nano-structures for the measurement of 
ENPs in foods like e.g. NTA (Chapter 5; Gallego-Urrea et al., 2011; Luo et al., 
2013- Annex 4) indicate that association of the ENPs with the matrix components is 
not always the case. However, challenges related to characterisation of ENPs in 
complex matrices lead to development of guidances in which use of more than one 
analytical method is recommended. EFSA recommends that the results of ENPs 
measurements in food are always verified with EM (EFSA Scientific Committee, 
2011). 
Nevertheless, confirming results using EM can be challenging. This is because the 
sample pre-treatments for EM and other techniques vary. The preparation might 
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involve only sample dilution however, even dilution changes sample matrix, altering 
content of suspended solids, dissolved substances, pH and IS. All of these factors 
can affect particle agglomeration state (Jiang et al., 2008a; Peters et al., 2012; Park 
et al., 2013). While dilution with DMW is commonly practiced, some authors 
appreciated the use of other agents, having on mind stability of the ENPs or mimicry 
of the sample matrix. For example (Lienemann et al., 1998) used a synthetic 
electrolyte of 1.5 mM Ca(HCO3)2 for diluting ENPs of Fe2O3. These ENPs were then 
used for EM method calibration where the content of colloids was measured in 
natural waters. In Chapter 3 it was shown that the use of borate buffer at pH 8.0, 
stabilised ENPs of SAS and resulted in higher particle numbers recovered from stock 
dispersions and a soup sample following dilution process when compared to the 
same samples diluted with DMW. This was because the buffer had a stabilising 
effect on SAS ENPs. Thus use of stabilising ENPs diluents could be recommended if 
dilution is necessary in sample preparation. However, the issue of matrix changes 
and possible change of ENPs agglomeration state after dilution in comparison to 
original in the undiluted food matrix still remains unresolved.  
The sample preparation of the foods or complex matrices containing ENPs may 
require use of more invasive steps than sample dilution, namely ENPs extraction or 
matrix digestion (e.g. Grombe et al., 2014- Annex 5; Grombe et al., In preparation; 
Loeschner et al., 2013a). These actions aim to remove ENPs from the original matrix 
and by doing this may contribute to the changes of the particle size. Different 
variants of sample preparation for EM involving sample dehydration were shown to 
introduce various artifacts to the PNSD of ENPs (Chapter 3). These drawbacks were 
primarily related to the EM preparation of ENPs in liquid food samples and liquid 
suspensions. In solid samples where ENPs were strongly bound to the matrix e.g. 
tissues from uptake studies (e.g. Loeschner et al., 2011) the ENPs could be preserved 
in the unchanged form thanks to well developed standard sample preparation 
techniques such as resin embedding or freezing described in detail in (Hayat, 1989b; 
Cavalier et al., 2009; Chapter 2) which allow the preservation of the matrix structure. 
An alternative to these sophisticated sample preparation methods for TEM was 
described in Lari and Dudkiewicz (2014- Annex 3). It involved dilution of the solid 
meat sample containing Ag ENPs by a high factor and homogenization, then 
sedimentation of the obtained sample onto a TEM grid. Although this technique was 
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matrix destructive (due to sonication used in homogenization step), comparison with 
simple swab of the sample surface with TEM grid and imaging electron transparent 
sample portion, showed no difference in particle agglomeration state for studied in 
Chapter 6 reference material of Ag ENPs in meat - see Figure 7.1 a and b.  
 
Figure 7.1- TEM images of Ag ENPs in meat prepared by a. swabbing 
grid over sample surface and b. ultracentrifugation 
The technique was used in Chapter 4 for validation and it was found that only 
negligible agglomeration of Ag ENPs in meat was present. This contrasted with 
result of SP-ICP-MS analysis in (Grombe et al., 2014- Annex 5), where Ag ENPs 
measured in same material occurred to have approximately twice longer diameter 
than measured by TEM in Chapter 4. Providing a nearly spherical shape of these 
ENPs the comparability of TEM and SP-ICP-MS measurements was expected. This 
measurement discrepancy can be again attributed to the difference in the sample 
preparation and measurement technique. While in TEM the presence of the meat 
matrix layer does not affect the measurement much (Chapter 4), in SP-ICP-MS the 
small particles of the matrix with few non-agglomerated Ag ENPs ‘sitting’ on it will 
be detected and interpreted as one Ag ENP. The actual agglomeration/ aggregation 
of Ag ENPs could also take place in process of sample preparation for SP-ICP-MS. 
This based on enzymatic digestion protocol (Loeschner, et al., 2013a), due to 
liquidation of the matrix could result in a complete freeing Ag ENPs and subsequent 
agglomeration of initially single particles.  
Figure 7.2 summarises which of the transformations that ENPs can undergo in the 
food products are likely to affect the PNSD measurement using various analytical 
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techniques. Out of these aggregation and dissolution can be measured. However 
agglomeration and association with food matrix components affect the measurement 
in a way which does not allow to predict behaviour of ENPs in measuring 
instrument.  
 
Figure 7.2- Possible transformations of ENPs in the food matrix, marked 
with thick allow comparable measurement of particle size across the 
characterisation methods while marked with cross do not 
Additional drawback of measuring ENPs directly in foods is high measurement 
uncertainty when compared to the stock dispersions (Chapter 4). It has been shown 
that over 40% of median size value uncertainty could be expected for SAS spiked in 
tomato soup (Chapter 4) and measured by SEM. Such high values of the expanded 
uncertainty of measurement were attributed to random changes of these ENPs on 
different sampling days and could have been a result of changes in the soup matrix. 
Thus one of the major difficulties with the real food samples are the dynamic 
changes occurring in them with time and perhaps even locally in separate 
subsamples.  
Taking into consideration the number of scenarios of ENPs fate during sample 
preparation and in the food product as well as incomparability of the results from 
different analytical techniques, it became clear that addressing measurement of 
particles in the food matrix as recommended (EFSA Scientific Committee, 2011) 
may not be possible. The only exception to this is a special case of solid food 
samples which can trap firmly analysed ENPs and subsequently be prepared for 
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TEM. On the other hand the toxicological studies show that the conditions in which 
ENPs are at different points of experiment change multiple times and affect ENP 
size. For example Peters et al. showed that silica ENPs can agglomerate and 
deagglomerate in human digestive track depending upon pH present at different 
stages of digestion system (Peters et al., 2012). Thus, it could be argued that as long 
as the sample matrix pre-treatments are not invasive for the ENPs of interest (do not 
cause aggregation or dissolution) a toxicologically relevant information on the 
particle size can be extracted.  
In view of the future guidelines for research on ENP fate in food and human 
digestive tract these results highlight a necessity of further development of 
acceptable study designs for the risk assessment. Such guideline should take into 
consideration possible changes to the ENPs in course of sample preparation, set 
acceptable practices as well as consider food stimulants with much simpler 
composition to allow uniformity of particle behaviour in whole sample volume. 
Meanwhile the research on analytical methods for the measurement of ENPs in foods 
is on-going (NanoDefine project will continue work of NanoLyse) and hopefully 
will allow to address knowledge gaps necessary for setting guideline. 
7.5 Summary on recommendation for analysing of ENPs in 
foods using EM 
This recommendation is based on today’s state-of-the-art knowledge to which above 
presented research contributed. Figure 7.2 presents a decision tree, potentially useful 
for EM users interested in analysing of ENPs in foods. Figure 7.3 depicts a course of 
action in terms of sample preparation and data interpretation depending on nature of 
the matrix as well as type of ENPs’ PNSD. This course of action assumes sphericity 
of ENPs. If ENPs are non-spherical or aggregated additionally mesurements should 
be expressed as MED. The protocol for liquid food samples and ENPs featuring 
broad size distribution is at the moment laborious and time consuming. Thus further 
developments are needed to improve it and either develop sample preparation, which 
will allow to exclude the necessity of calibration or develop more calibration curves 
that could be generalized.   
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Figure 7.3- Course of action for analysis of spherical ENPs in foods 
7.6 Conclusion  
Overall this study presented first attempt of EM method development and validation 
for the measurement of ENPs in foods. The findings allowed addressing challenges 
related to sample preparation and incomparability of ENP measurements between 
analytical methods. Nevertheless also some drawbacks of the method were 
highlighted, such as a need of calibration and high measurement uncertainties for 
ENPs in foods. These might be improved on by further research efforts. 
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Appendix 1 
Particle size increase due to conductive coating 
Methodology 
The measurements were conducted using two types of particles- SAS (see Chapter 3) 
and citrate coated spherical Au ENPs with nominal diameter 30 nm available from 
NIST (manufacturer’s id: 8012). As, compared to the SAS, the Au ENPs were 
spherical and fairly monodispersed. Samples were prepared according to T2 Gel 
protocol described in Chapter 3, SAS (3 replicates) sample was diluted 100 fold with 
BB8.0 and Au ENPs (5 replicates) undiluted. Both ENPs were measured before and 
after coating using SEM imaging and OBIA analysis as specified in the main text. 
The SAS were imaged at two magnifications lower than one used in the study.  The 
micrograph settings were summarised in Table A1.1.  
Table A1.1- SEM imaging settings for measurement of particle ECD 
increase due to coating 
Sample 
Number of 
micrographs 
Micrograph 
area (µm x 
µm) 
Analyzed 
area per 
replicate 
(µm
2
) 
Pixel 
size 
Smallest 
particle 
ECD (nm) 
SAS 4 6.3 x 4.73 119 8.6 38 
SAS 16 3.15 x 2.37 119 4.3 19 
Au ENPs 10 1.56 x 1.18 18 2.2 8 
 
To visualise the thickness of the coating additionally samples of coated Au ENPs 
and SAS were imaged by TEM. 
Result 
The Au ENPs increased in median size by 7.8 ± 0.8 nm (mean increase between 
replicates ± standard error). The result was confirmed by imaging of the coating in 
TEM (see Figure A1.1). Measurement of the coating thickness of SAS imaged in 
TEM was difficult due to a very poor contrast of the SAS (see Figure A1.2a) which 
resulted in poor distinction of the particle boundary (see Figure A1.2b), but a vague 
Pt/Pd shell seems to be present in a similar fashion as in the Au ENP coating.  
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Figure A1.1- TEM images of coated Au ENPs (a) Original image (scale 
bar 10 nm), (b) Zoomed on the particle, (c) Result of image analysis 
Figure A1.3 presents the size distribution of all measured particles for coated and 
uncoated ENPs.  
The full size distribution of Au ENPs was clearly shifted toward higher values, 
whereas the sizes of SAS did not include the small size tail of the distribution and 
hence it is difficult to make an obvious conclusion about any shift in distribution. An 
increase of total measured particle number in coated SAS samples when compared to 
uncoated ones close to the cut-off ECD value was observed (Figure A1.3b). The 
median measurements of coated and uncoated SAS were not significantly different 
(Mann-Whitney rank-sum test, p=0.136- lower magnification and 0.214- higher 
magnification). Neither of the magnifications taken in this study was able to cover 
fully the size distribution of SAS and this was the reason for similarity in particle 
ECD measurements between coated and uncoated samples. 
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Figure A1.2- TEM images of a uncoated and b coated SAS and below 
EDS spectra of imaged particle (upper spectrum) and measured away 
from the particle background (lower spectrum). Thin blue line marks 
position for Si spectrum. 
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Figure A1.3- Size distribution of the ENMs before and after conductive 
coating (a) Au ENPs, (b) SAS 
Based on the indication of a Pt/Pd shell in the TEM image (Figure A1.2b) for SAS, it 
is reasonable to expect that the size of the individual particles of SAS also increases 
by at least 8 nm as found for Au ENPs, and this is supported by the fact that shifting 
the size distribution of the uncoated to match the coated sample with around 10 nm 
will make the two curves roughly match. The 8 nm is not exact as the particles of 
SAS had non spherical shape and thus longer perimeter than Au ENPs. This means 
that we would expect longer ECD increase for SAS especially for larger particles 
because the compactness of particles decreased with the size. Indeed the increase in 
size could be noticed for large particles- the 75
th
 percentile of SAS (corresponding to 
coated ECD 131 ± 2 nm in coated particle size distribution) imaged at lower 
magnification was increased by 8.8 ± 1 nm. For higher magnification the size 
increase was not reproducible- two of the replicates had shifted 90
th 
percentile (ECD 
156 ± 9 nm) toward larger values, but in one replicate smaller particles were 
measured after coating. It is anticipated that in case of higher magnification images 
the charging of uncoated sample though not apparent could affect the result. The 
uncoated particles of SAS were generally more difficult to discriminate from the 
background in comparison to coated ones due to the poor contrast (see Figure A1.4). 
Coating allowed defining boundaries of SAS particles better.  
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Figure A1.4- SEM images of SAS without coating (left) and coated 
(right) at high (a), (b) and low (c), (d) magnification 
Therefore the 8 nm subtraction from the particle size was applied for all the SAS for 
which measured ECD increase due to the coating was smaller or equal to 8nm. 
Based on size distribution of coated SAS imaged at lower magnification the ECD at 
which measured size increase was 8 nm equaled to 116 nm. Therefore for larger 
particles than 116 nm the linear curve was fitted to measured particle ECD increase 
at five size points corresponding to range of percentiles (between 73
rd
 to 95
th
) within 
size distribution of coated SAS from lower magnification (see Figure A1.5). The 
particle size increase for coated particles with ECD>116 nm was then calculated 
from the equation of the fitted curve and subtracted accordingly.  
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Figure A1.5- The relationship between SAS ECD increase due to the 
presence of conductive coating and measured ECD of coated particles  
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Appendix 2 
Additional figures for Chapter 4 
 
Figure A2.1- Particle size distribution ( x axis- ECD, y axis- % of 
particle count) and below respective EM images of the studied samples ( 
SEM scale bar- 1 µm, TEM scale bar- 0.2 µm), last bin in the size 
distribution of samples containing SAS corresponds to quantity of 
particles larger than 200 nm  
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Figure A2.2- EM images and respective EDX spectra (x axis- keV, y axis- 
number of counts) of a Soup Blank, b Meat Blank, c Soup 1, d and e 
Meat 2 
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Figure A2.3- The box plot (median, IQR, max and min values) of the 
particle size distribution in respective replicates of a Soup 1, b Soup 2
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Appendix 3 
Definition of fractal dimension and fractal prefactor of 
lacunarity for studied synthetic amorphous silica 
The studied SAS sample has an aggregated structure that can be characterised as a 
fractal aggregate as described in (Boldridge, 2010). The main parameters are the Df 
and k0, that relates the number of primary particles in an aggregate with the primary 
particle diameter and Rg through Eq. 7.1 described in Chapter 5. 
Methodology 
The mean primary particle diameter (dpp) value was estimated from nonaggregated 
residual single particles using identification of these particles by OBIA. Mean value 
of dpp= 9 nm was used for calculating SAS fractal characteristics as described in 
(Boldridge, 2010). 
In total 3791 SAS aggregates were measured. If the ECD of measured SAS particle 
was ≤ dpp, it was assumed that N=1. In larger SAS aggregates the number of primary 
particles was calculated according to Eq. 5.3 provided in Chapter 5. The Df and k0 
were derived by plotting linear dependence of ln (N) from ln (dmax/dpp) (Figure 
A3.1). The dmax was Ferret’s diameter directly measured from the SEM images and 
reduced by 8 nm to correct for the conductive coating thickness. 
Result 
The plot of ln (N) from ln (dmax/dpp) is presented in Figure A3.1. 
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Figure A3.1- Linear curve fit to dependence of ln (N) from ln (d max/dpp) 
 
The Df was equal to the slope of the linear curve (2.11) and k0 was calculated from 
Eq. A3.1 (Boldridge, 2010) and gave value of 1.17. 
  
        
      Eq. A3.1 
 
Where: 
e- mathematical constant 
b- the linear curve coefficient determining the intercept 
 
The generated curve was based on the measurement of all aggregates in 3 sample 
replicates. The maximum difference in between replicates in estimate of Df was 0.06 
and k0 0.08.  
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Appendix 4 
Glossary 
 
Abbreviation/ 
symbol 
Full length name 
A Centrifugal acceleration 
AA 8.0 Amonnium acetate buffer pH 8.0 
AF4 Assymetric flow field flow fractionation 
ANOVA Analysis of variance 
BB 8.0 Borate buffer pH 8.0 
BET Brunauer-Emmett-Teller 
BSE Back scattered electrons 
cc Cunnigham slip correction factor 
CE Capillary electrophoresis 
Cryo- Cryogenic 
d Diameter 
Df Fractal dimension 
DLS Dynamic light scattering 
dmax Ferret’s diameter 
DMW Demineralized water 
dpp Primary particle diameter 
DSC Differential scanning calorimetry 
e Mathematical constant 
EC European Commission 
ECD Equivalent circle diameter 
EDS Energy-dispersive X-ray spectroscopy 
ee Elementary charge 
EELS Electron energy loss spectroscopy 
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EFSA European Food Safety Authority 
EFTEM Energy filtered transmission electron microscopy 
ELS Electrophoretic light scattering 
EM Electron microscopy 
EMD Electric mobility diameter 
ENP Engineered nanoparticle 
ESEM Environmental scanning electron microscopy 
ESI Electrospray ionisation 
ETEM Environmental transmission electron microscopy 
f Particle number overestimation factor 
FFF Field flow fractionation 
FIB Focused ion beam 
GEMMA Gas-phase electrophoretic mobility molecular analyser 
HAADF High angle annular dark field 
HDC Hydrodynamic chromatography 
HDD Hydrodynamic diameter 
HRTEM High resolution transmission electron microscopy 
hs Sample thickness 
ICP Inductively coupled plasma 
IED Instrument equivalent diameter 
IQR Interquartile range 
IQR% Relative to median interquartile range 
IS Ionic strength 
k Coverage factor 
ko Fractal prefactor of lacunarity 
LOD Limit of detection (concentration) 
LODENP Lowest detectable nanoparticle mass concentration 
LODmatrix Mass concentration limit of detection for nanoparticles in food 
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matrix related to matrix interference 
MALLS Multiangle laser light scattering 
MALS Multiangle light scattering 
MANOVA Multivariate analysis of variance 
MED Mass equivalent diameter 
MS Mass spectrometry 
MSB Mean squares of measurements obtained on different days 
MSW Mean squares of measurements obtained on same day 
N Number 
n number of electric charges on the particle 
NMR Nuclear magnetic resonance 
OBIA Object based image analysis 
p Statistical significance level 
P Probability of the sample containing given number of the false 
positive particles 
PNC Particle number concentration 
PNSD Particle number- size distribution 
PVC Polyvinyl-chloride 
Rg Radius of gyration 
RSD% Relative standard deviation 
RSDdd Standard measurement uncertainty of measurements performed 
on different days 
RSDi Standard measurement uncertainty of imaging 
RSDia Standard measurement uncertainty of image analysis 
RSDip Standard measurement uncertainty of intermediate precision 
RSDr Standard measurement uncertainty of repeatability 
RSDs Standard measurement uncertainty of sampling 
RSDsp Standard measurement uncertainty of sample preparation 
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RSDtotal Total standard measurement uncertainty 
S Mean number of particles found per replicate for a blank sample 
s Mean 
s.d. Standard deviation 
SANS Small angle neutron scattering 
SAS Synthetic amorphous silica 
SAXS Small angle x-ray scattering 
SEC Size exclusion chromatography 
Sed-FFF Sedimentation field-flow fractionation 
SEM Scanning electron microscopy 
size LOD Limit of detection (particle size) 
size LOQ Limit of quantification (particle size) 
SLS Static light scattering 
SP-ICP-MS Single particle inductively coupled plasma mass spectrometry 
SMPS Scanning mobility particle sizer 
SSA Specific surface area 
SSD Stoke’s sedimentation diameter 
STEM Scanning transmission electron microscopy 
TEM Transmission electron microscopy 
ts Sedimentation time 
Uexp Expanded uncertainty 
UV-VIS Ultraviolet- visible spectrophotometry 
W Channel thickness 
WDS Wavelength-dispersive X-ray spectroscopy 
Wet- Prefix prior to imaging method meaning liquid imaging 
x Distance from the injection point to the detector in CLS 
XRD X-ray diffraction 
Z Atomic number 
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Zc Electric mobility 
ζ Zeta potential 
ηa Viscosity of air 
ηw Viscosity of water 
ηs Viscosity of the sucrose gradient 
λ Wavelength 
π Mathematical constant 
ρf Density of the sucrose gradient 
ρpe Effective density 
ρSiO2 Density of silica 
Vc Cross-flow volumetric flowrate 
Vout Volumetric outlet flowrate 
kB Boltzmann constant 
D Diffusion coefficient 
T Temperature 
Η Viscosity of dispersing medium 
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Discussion on interpretation of the measurement results of 
synthetic amorphous silica in view of mass equivalent 
diameter transformation and small particle abundance 
correction. 
Introduction 
The transformations of measurements outputs from different techniques into MED 
for the fractal aggregate of SAS allowed uniform expression and result comparison 
(Chapter 5). Thanks to this, it was also possible to calibrate the sample preparation 
method for SEM in order to correct for its specificity toward small particle size 
fraction (Chapter 6). However, in previous Chapters 3 and 4 the SAS measurements 
from EM were given as ECD. This did not allow to relate EM measurement against 
the reference method HDD from NTA in Chapter 3 or calculation of the particle 
mass recovery (Chapters 3 and 4). Another highlighted issue in the previous work 
(Chapter 4) was inability of the estimation of measurement trueness for SAS due to 
lack of certified reference material and/or measurement technique against which the 
result could be compared. The problem was a consequence of the particle shape. 
The aim of this chapter was to use MED transformation and corrective calibration 
for selected EM sample preparation in order to address the issues raised in Chapters 
3 and 4. Therefore the data from these two chapters are interpreted again in regards 
to comparison against reference method, recovery and trueness assessment.             
Methodology and data 
The NTA and SEM measurements of SAS in stock dispersion and soup generated in 
previous Chapters 3 and 4 were used in this study. The respective HDD and ECD 
measurements were transformed into MED as described in Chapter 5 to allow 
discussion on their comparability. Based on thus transformed data mass recoveries in 
relation to initial sample concentration were calculated. The calculation of total 
recovery was not possible for blotting techniques because of unspecified sample 
volume. The recovery for SAS particles in soup using blotting techniques was 
discussed instead as relative to the mass of the particles acquired from the stock 
dispersion. Additionally all the results where T2 Gel sample preparation protocol 
was used (part of Chapter 3 and whole chapter 4) were corrected for specificity of 
the method toward smaller particles using Eq 6.3 developed in Chapter 6. The 
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correction was carried out using MED transformed particle measurements grouped in 
the histograms of bin width 1 nm. This correction allowed the discussion on the 
trueness of the particle size measurement and comparison of SEM MED 
measurements of SAS against reference method- NTA. For trueness assessment it 
was assumed that the corrected median size measurement using Eq. 6.3 was the true 
median size of SAS PNSD measured in the study. This assumption was taken 
because as shown in Chapter 6, using correction it was possible to obtain median 
MED measurement for SAS, which was not significantly different to GEMMA used 
as reference method. The trueness was calculated for ECD and MED based PNSDs 
of SAS according to (Linsinger, 2010) using instead of the certified reference 
measurement the value measurement corrected for the initial overestimation of the 
particle number in small size fraction Eq. 6.3. 
Results and discussion 
Comparison of mass equivalent diameters of synthetic 
amorphous silica derived by electron microscopy and 
nanoparticle tracking analysis from Chapter 3 
The comparison of SEM and NTA measurements given as IEDs in Chapter 3 aimed 
to verify which of the sample preparation procedures for SEM caused agglomeration 
of SAS ENPs. The assumption was that NTA will give a larger or even median 
measurement to SEM if no agglomeration occurred. The transformation of SAS 
measurements into MED ideally would allow one to obtain not significantly different 
results from both techniques. However, in previous chapters it was determined that 
NTA was subjected to Size LOQ (Chapter 5) and some of the sample preparation 
methods for SEM were specific toward particles of small size (Chapter 3 and 5). 
Thus generally it could be still expected that the median MED of PNSD of SAS from 
NTA could be larger to this of SEM. Only T2 Gel sample preparation method was 
calibrated and corrected for overestimation of small particle number in the PNSD. 
Thus in Figure 1 full MED weighted PNSD of SAS in soup and stock as measured 
by NTA and SEM preceded by T2 Gel preparation are compared.  
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Figure 1- PNSD of SAS in a) stock and b) soup as revealed by NTA and 
SEM using T2 Gel sample preparation 
Both methods show similarities in PNSDs in terms of size range. However, it can be 
noticed that PNSD from NTA has nearly Gaussian distribution whereas from SEM is 
positively skewed. This was a result of Size LOQ in NTA given PNSD, which was 
(mean ± s. d.) 47±3 nm and 50±5 nm for SAS in stock and soup respectively. These 
Size LOQ’s between soup and stock were not significantly different from each other 
(Holm-Sidak p>0.05), but lower than previously indicated stock dispersion of SAS 
in Chapter 5 (66±11 nm, Holm Sidak p<0.05)). This was likely attributed to the 
model of the NTA, which was different in Chapters 3 and 5. 
Despite the presence of Size LOQ in NTA given PNSD the statistical comparison of 
MED transformed results for SAS measured by NTA and SEM after preparation by 
different methods was carried out. This was done to verify conclusion in Chapter 3 
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on the sample preparation methods for SEM which did not induce particle 
agglomeration. 
Figure 2 presents the box and whiskers plot of SAS MED distribution between 
readings from single SEM (images) and NTA (videos). The figure is a counterpart of 
Figure 3.4 presented in Chapter 3, which was based on ECD measurements. Same 
statistical analyses were run on the MED transformed data as previously described 
for ECD measurements in Chapter 3.  
 
Figure 2- Box and whiskers plot of median MED measurements per 
reading (Image-SEM and Video-NTA). The figure is a counterpart of the 
Figure 3.4 where all the measurements were expressed as ECD. 
The MED transformation generally did not change results of statistical comparison 
of the SAS measurements generated by SEM and NTA. The only exception was 
SAS in stock prepared using T1 Lys protocol. This measurement was now not 
significantly different to NTA (Tukey, p>0.05). This slight difference was attributed 
to generally decreased difference in between PNSD of SEM and NTA measurements 
expressed as MED in comparison to IED’s as previously discussed in Chapter 5. 
Here it was found that for all the sample preparation methods the difference between 
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median MED of NTA and SEM decreased at least 1.7 times relatively to NTA given 
MED when compared to IED. 
Nevertheless it was confirmed that sample preparation methods for SEM, which did 
not induce SAS ENPs agglomeration were previously correctly assessed in Chapter 
3.  
Total mass recovery of silica in nanoparticle tracking analysis 
and scanning electron microscopy in Chapter 3 
Previously (Chapter 3) the PNC measured by NTA was used to calculate particle 
number recovery of SAS in SEM analyses preceded by 3 sample preparation 
techniques: Ultracentrifugation in DMW, BB8.0 and drying. However, total recovery 
in relation to the particle concentration in the initial, undiluted sample could not be 
calculated. The transformation of the measurements into MED, allowed to calculate 
total recovery (in relation to initial manufacturer claimed mass of ENPs in 
dispersion) for SAS in stock and soup samples analysed by NTA and SEM. The 
results are shown in Figure 3.  
 
Figure 3- Particle mass recovery in relation to used sample preparation 
in SEM and as revealed by NTA (error bars are s.d.) 
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It can be noticed that for all SEM and NTA analyses on average less than 30% of 
particles was recovered when compared to initially claimed mass concentration in 
the samples. The low recoveries could be partly attributed to Size LOQ in NTA and 
cut-off point in SEM analyses (MED 22 nm). However, based on corrected 
distribution of particles in MED range of 8 to 22 nm (Chapter 6) constituted only 
about 1% of total measured particle mass. 
Again it needs to be emphasized that NTA and SEM are also affected by the largest 
measurable particle size (up to 1000 nm) and are based on single particle 
measurement. Thus omitting a fraction of very large but not abundant particles, 
which have a high contribution to the total particle mass could have place bringing 
the recovery down by a very significant value. 
Statistical analysis did not prove any significant differences in recoveries of SAS 
particles within stock dispersions (ANOVA p>0.05) measured by NTA and SEM 
preceded by different sample preparation methods due to very high variability in 
measured particle number (see Chapter 3, Figure 3.5) and thus mass recoveries 
variability. The recovery of SAS in soup was significantly higher for the sample 
prepared by ultracentrifugation in BB 8.0 (Holm-Sidak p<0.05) in comparison to 
other sample preparations and NTA analyses. This was expected as previously 
reported (Chapter 3) particle number recovery for this sample and sample 
preparation was high (120% for SAS in stock and 221% for SAS in soup). The mass 
recoveries of SAS particles in both types of samples (soup and stock) were not 
different between NTA measurements in BB 8.0 and DMW. This was contrary to 
what could be expected based on measurement of PNC by NTA in Chapter 3, where 
it was concluded that the DMW inflicted higher losses of SAS particles in the 
dilution process than BB 8.0.  
Recoveries of synthetic amorphous silica from fresh and aging 
soup using electrostatic attraction preparation for electron 
microscope 
The total SAS mass recoveries from EM for a range of techniques using electrostatic 
attraction for sample preparation could not be calculated. Therefore the discussion is 
limited to the mass recovery of the SAS particles from soup samples in relation to 
the SAS stock dispersions prepared by same means. Within this research two types 
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of samples were used for analysis: soup freshly spiked with SAS (Chapter 3) and 
aging together with particles (Chapter 4). The mass recoveries of particles from soup 
samples freshly spiked with particles were ranging on median from approximately 
60 to 110% (Figure 4), which was higher than could be expected from particle 
counts in soup relatively to stock dispersions (see Figure 3.5, Chapter 3). 
 
Figure 4- Median mass recoveries and IQR (error bars) of SAS particles 
from soup relatively to stock dispersions, columns corresponding to T1 
Lys, T2 Lys, T1 Gel and T2 Gel are derived from data in study on soup 
freshly spiked with particles (Chapter 3), while T2 Gel Soup 1 and Soup 
2 from the study where matrix was aging with the particles prior to 
analysis (Chapter 4) 
The results also confirm that the recoveries of SAS particles from aging soup were 
generally lower than for freshly spiked one (Chapter 4). However, significant 
difference was only confirmed for Soup 2 sample (Dunn’s test p<0.05). The mass 
recoveries of SAS from aged soup were expected to be lower than the number 
recoveries discussed in Chapter 4 (calculated based on number of particles obtained 
from stock dispersions analyses), because the particles were on median smaller in 
Soup 1 and 2 samples when compared to the respective stock dispersions. However, 
this was only the case for Soup 2. Mass recovery of SAS particles from Soup 1 was 
actually higher than reported in Chapter 4 particle number recovery (38% and 19% 
respectively). This was likely a result of particle aggregation in soup and rapid 
increase of mass particle recovery by inclusion of few large aggregates in total mass 
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calculation (max MED of SAS in stock: 210 nm and in soup: 311 nm). The mass 
recovery of particles in Soup 2 was lower than in Soup 1 (although not significantly: 
Dunn’s p>0.05) because the measured median size of SAS 2 particles was larger 
than SAS 1 as a result of grid saturation with particles and potential overlap during 
image analysis (See Figure A2.1 Appendix 2). 
The assessment of scanning electron microscopy measurement 
trueness for synthetic amorphous silica 
Previously in Chapter 4 estimates of ECD measurement uncertainty for SAS in soup 
and stock dispersion was obtained. The total expanded uncertainty (Uexp) did not 
inlude the estimate of the measurement trueness for polydispersed particles of SAS. 
Only ‘goodness’ of instrumental calibration was assessed using nearly 
monodispersed, spherical gold ENPs. Developed in Chapter 6 calibration allowed to 
estimate the measurement trueness for SAS. Results are summarised in Figure 5. 
Additionally intermediate precision (RSDip) and Uexp previously reported in Chapter 
4 for SAS in stock and soup dispersions at concentrations 1 and 2 were included in 
the graph. The results for SAS COM and Soup COM (also Chapter 4) were not 
included in this discussion because they would require separate definition of fractal 
characteristics in order to be subjected to MED transformation. 
The RSDip of the median ECD was higher after correcting for small particle 
abundance for all the samples with exception of SAS 1. The uncertainty increase was 
expected as the correction could only be applied to the results after MED 
transformation and thus some error related to multiple data transformation needed to 
be included. The RSDip increase was however minor (1-5%) and thus not significant 
(F test p>0.05).  
The estimated trueness of ECD measurements was similar for all four samples (F test 
p>0.05) ranging from 17% to 22%. These values were much higher than previously 
reported ‘goodness of calibration’ trueness (1.9%) and in comparison to RSDip were 
significantly higher for SAS 1 and 2 (F test p<0.05) and not different for Soup 1 and 
2. This meant that the trueness was bound to significantly increase the Uexp budget. 
The increase of Uexp was most pronounced for SAS measurements in stock 
dispersions, where it was higher than two fold in comparison to the initially 
estimated in Chapter 4 (Figure 5).  
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Figure 5- Errors introduced to the measurement of SAS and combined 
expanded uncertainty of median measurements.*-initial results quoted 
from Chapter 4 
The Uexp calculated for the MED median measurements was generally lower than 
one related to ECD (37% to 60%) and ranged from 20 to 44% although this 
difference was proven to be significant only for SAS 1 and 2 (F test, p<0.05). This 
improvement on measurement certainty is attributed to the general narrowing of 
PNSD after MED transformation (Chapter 5). 
Conclusions 
Thanks to the data transformation form ECD into MED transformation it was 
possible to confirm that the previous classification of sample preparation methods to 
inducing and non-inducing agglomeration (Chapter 4) for SAS in stock and soup 
dispersions was correct. It was also possible to obtain total mass recovery of SAS in 
stock and soup for SEM and NTA analyses. Additionally applied correction for the 
sample preparation method specificity to small particle size fraction allowed to 
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correct previously reported measurement uncertainty (Chapter 4) for trueness value. 
The trueness occurred to be a significant factor affecting Uexp. This result points out 
that the EM should not be used for the measurement of ENPs characterised by a 
broad size distribution not only in foods but also in pristine dispersions unless 
calibrated as demonstrated in Chapter 6. This was so far neglected in the studies on 
ENPs measurements. The MED transformation was found to bring down the 
measurement uncertainty. This is another useful argument in using MED as means of 
uniform measurement expression for fractal aggregates from different measurement 
techniques.  
In summary future work should focus either on sample preparation development or/ 
and calibration for polydispersed ENPs as this thesis only provided solution for 
specific case of silica ENPs. However, means of obtaining information on the 
measurement accuracy from EM was given, providing a tool for future research.
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Detecting and characterizing nanoparticles in food, 
beverages and nutraceuticals. 
A. Dudkiewicz, University of York, UK and Food and Envrionment 
Research Agency, UK, P. Luo, university of York UK, K. Tiede, 
Food and Environment Research Agency, UK and A. Boxall, 
University of York, UK  
 
Abstract: While nanotechnology offers a number of benefits to the food sector, the 
use of nanoparticles (NPs) in food may also cause risks. In order to understand the 
risks of NPs, it is essential to have access to good quality analytical methods that are 
able to detect and characterise NPs in a wide range of media. This chapter provides 
an overview of the characteristics of NPs that will need to be measured in food 
materials and describes methods that are available to derive these characteristics. The 
advantages and drawbacks of each method are described and the challenges for the 
development of new methods for NP analysis in food materials are highlighted.  
 
Keywords: characterization, nanoparticles, food, analytical methods, sample 
preparation   
 
3.1 Introduction 
Nanotechnology is increasingly being applied in the food and pharmaceutical 
industry and provides a wide range of benefits. However, due to the fact that we 
know very little about the behaviour of nanoparticles (NPs) in food items and their 
interactions with the human body, there are concerns that the use of nanotechnology 
may pose a risk to food quality and consumer health.  
One of the factors that is limiting the development of our knowledge of the 
behaviour of NPs in food and potential toxicity to humans is the availability of 
validated techniques for NP analysis within food matrices. Analytical method 
development for detection and characterization of nanoparticles has been recognized 
by international organizations, including the European Food Safety Authority 
(EFSA, 2009) and the US Food and Drug Administration (U.S. FDA, 2010), as one 
of the major issues that needs addressing concerning the risks of NPs. A number of 
research projects are therefore currently tackling this issue (CORDIS, 2010). The 
biggest challenge concerning the detection and characterization of NPs is that, unlike 
‘traditional’ chemicals, we are not only interested in the concentration of the NP but 
also other characteristics such as particle size distribution, particle shape and the 
characteristics of the surface coating (Norwegian Pollution Control Authority, 2008). 
No single analytical method can currently provide information on all of these details 
at once. 
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The majority of food products comprise complex structures and usually some form 
of sample preparation is required before an NP can be detected and characterized. 
Many of the potential pre-treatments that food samples might undergo, prior to 
analysis, are known to have an impact on the NP structure. For example, drying may 
cause aggregation of NPs and hence, if this approach is used for analysis of particle 
size distribution in a food product, misleading results will be obtained (Domingos et 
al., 2009; Doucet et al., 2005). NPs also occur naturally so a further challenge is how 
to distinguish between NPs that are man-made and NPs that are naturally present in 
food stuffs.  
This chapter therefore provides an overview of the available methods that are 
potentially suitable for the characterization of NPs in food and nutraceuticals and 
discusses the advantages and limitations of the different methods for food analysis. 
More detailed reviews can be found in Tiede et al. (2008) and Dudkiewicz et al. 
(2011).  
3.2 Detecting and characterizing- but what? 
Results of many toxicological studies indicate that for risk assessment, a range of 
characteristics of an NP may need to be considered, including aggregation state, 
surface charge, shape, structure, dissolution rate, chemical composition and mass and 
particle number concentration.  
Aggregation causes increases in size and a decrease in the particle number 
concentration (PNC) of an NP, which may result in changes in reactivity and 
functionality of these particles. Aggregation of NPs can be prevented by electrostatic 
stabilisation or steric stabilisation. Electrostatic stabilisation is created by repulsive 
electrostatic double layer forces between charged NPs. The charge of the NP in the 
environment in which the NP is dispersed depends on factors such as pH and ionic 
strength (IS) of the environment and can be determined from the zeta potential (ζ) of 
the particle. Steric stabilisation involves the use of long chain molecules as ‘capping’ 
agents on the particle surface. The capping agents provide steric hinderance for the 
agglomeration of particles independently of pH or ionic strength of the dispersion 
environment. Examples of capping agents include surfactants, polymers and 
proteins.  Of special interest are interactions of the NP surface with proteins, since 
they may influence the fate of NPs in an organism (Lynch & Dawson, 2008). How 
these interactions proceed depends on several NP features such as the surface charge 
(Bouwmeester et al., 2009) and structural properties such as shape and crystalinity.  
Shape is a very important factor which might influence uptake and distribution of an 
NP within humans and other mammals and its toxicity (Norwegian Pollution Control 
Authority, 2008). Shape dependent toxicity might explain the toxicological effects of 
carbon nanotubes which, though much smaller in diameter, are shaped similarly to 
asbestos fibres and act in a similar manner to asbestos, causing necrosis of the lung 
in mice (Lam, 2003).  
Crystalinity has an impact on the stability of an NP and its reactivity (Jiang et al., 
2008; Barnard et al., 2010). For example amorphous forms of titanium dioxide NPs 
have been found to have the strongest oxidative abilities when compared to 
crystalline forms (Jiang et al., 2008). This property has to be considered in food 
industry applications since reactive oxygen species (ROS), when accumulated in the 
body, are harmful, sometimes resulting in carcinogenicity and causing many other 
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disorders (Diplock et al., 1998). Furthermore ROS may reduce the shelf life of a 
food product and affect its structure (Chen et al., 1999).  
Dissolution rate is as important as aggregation state. Ions will behave very 
differently than NPs and in some instances may be more toxic e.g. the gradual 
dissolution of silver NPs explains the increases in toxicity of stored dispersions to 
human mesenchymal stem cells (Kittler et al., 2010). The functionality of an NP, 
which also depends on their chemical composition, will have a strong effect on the 
behaviour of an NP. The food industry uses this to their advantage when designing 
NPs for use in novel products (see chapter 1 and (Chaudhry & Groves, 2010)).  
Mass concentration can be measured for NPs as for ’traditional’ substances. 
However a more useful measure of exposure may be the particle number 
concentration (PNC). PNC is closely connected to some of the other NP features 
described above such as size, aggregation and dissolution, density.  
3.3 Challenges in detecting and characterizing 
nanoparticles in food products 
There are three major challenges that need to be addressed in order to analyse NPs in 
food items. Firstly, the characterization of the NP itself is challenging and, although 
a range of validated methods exist, none of them can provide information on all of 
the characteristics of an NP required to assess risks to human health. Some of the 
characteristics can also be extremely difficult to determine, requiring sophisticated 
instrumentation. Table 1 provides an overview of which techniques are able to 
characterize specific features of an NP. Method development for NP characterization 
is an on-going issue and a subject of extensive current research. Secondly, food 
products are made up of complex matrices. Therefore care has to be taken when 
preparing a food sample for analysis so that the sampling is representative. In some 
cases NP can be expected to be localized in restricted areas of the sample. For 
example, in the case of migration studies from food contact materials, analysts can 
expect that NPs are situated on the surface of the food packed in it. For some NPs 
(e.g. carbon-based NPs), it may be difficult to distinguish the NP from the 
background. Thirdly, food matrices will also contain natural NPs (e.g. casein 
micelles, whey proteins, fat globules and particulate material that may have 
deposited onto e.g. a crop from the atmosphere) making interpretation even more 
problematic (Peters et al. in press). For example, nano delivery systems (NDS) are 
usually composed of lipids, proteins or polysaccharides (Luykx et al., 2008), which 
are all naturally present in food products making detection very difficult. 
To overcome some of these issues it may be necessary to exclude or limit the 
presence of food components from the analysis by using extraction methodologies. 
The use of extraction methods adds additional complications as the method used can 
cause a change in the NP characteristics meaning valuable data might be lost or, in 
some cases, incorrect results are obtained. It will also be necessary to develop 
approaches that can distinguish between man-made particles and particles that occur 
naturally. 
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3.4 Methods for detection and characterization of 
nanoparticles in food products 
3.4.1 Chromatography based techniques 
Chromatography and related techniques are routinely used in food analysis for 
separation and characterization of food components and contaminants. These 
methods have been also applied to the needs of nanotechnology in order to separate 
NPs out from each other as well as from interfering materials based on size 
differences (Tiede et al., 2009a; Brewer & Striegel, 2010).  
The chromatography-based techniques typically used for size separation of nano-
sized objects are size exclusion chromatography (SEC), hydrodynamic 
chromatography (HDC) and field flow fractionation (FFF). Determination of 
parameters like concentration or chemical composition of eluting substances is 
achieved by on-line coupling of these methods to other analytical techniques such as 
UV detection or light scattering techniques (see section 4.3). Selective qualitative 
analysis of particles is possible when chromatography is combined with methods 
employing mass spectrometers (see section 4.4) such as inductively coupled plasma-
mass spectrometry (ICP-MS) (e.g. Chan et al., 2010; Tiede et al., 2009a; Tiede et 
al., 2010; Dekkers et al., 2010). ICP-MS coupled to HDC has been used for NP 
analysis in complex food samples such as food concentrates as well as in complex 
environmental matrices (Tiede et al., 2009a; Dekkers et al., 2010). It is also possible 
to install a fraction collector on the chromatographic system. Separate fractions can 
then be then analyzed by any technique, which cannot be coupled online to 
chromatography.  
In SEC, the stationary phase consists of porous beads. The space in the pores is 
easily accessible for smaller particles, which are therefore retained for longer end 
elute from the column more slowly than larger particles. This process enables 
separation of NPs by their size or molecular mass. SEC allows separation of particles 
where molar masses are at least 10% different from each other (Meyer, 2000). The 
size separation range in SEC depends on the pore size distribution.  
HDC separates particles depending on their hydrodynamic radius. Unlike SEC, 
separation is based on flow velocity in flow channels created by non-porous beads. 
The size separation range for HDC depends on the length of the column and for 
commercially available instruments is 5-1200 nm (Tiede et al., 2008).  
FFF instruments separate particles ranging in size from 1 nm to a few micrometers 
(Dubascoux et al., 2010). Partitioning takes place in a thin channel with an applied 
field, which affects  the flow of particles moving through it. There are many types of 
field that can be used including flow, thermal, electrical and sedimentation. Each 
field type will influence fractionation of particles depending on the characteristics of 
the particle. For example differences in diffusion coefficients of particles are used as 
a basis for separation in flow FFF, while sedimentation FFF separates particles by 
volume and buoyant mass (Von Der Kammer et al. in press). In FFF, unlike HDC 
and SEC, separation results in elution of smallest particles first (Tiede et al., 2008; 
Dubascoux et al., 2010).   
Electrophoretic methods can also be used. Capillary electrophoresis (CE) employs 
quartz capillaries filled with a buffer (Cieślik et al., 2008). The flow of the buffer is 
induced by applying a high voltage. Particles then move with different speeds, 
depending on their charge and size. This method can also be coupled to numerous 
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detectors and can be used for the detection and characterization of natural food 
nanostructures such as nucleic acids, proteins and polysaccharides. CE in food 
analysis is regarded as an alternative and complementary method to chromatography 
(Cieślik et al., 2008).     
3.4.2 Microscopy based techniques 
Microscopy as an analytical technique has found many applications in food science. 
It is regarded as the most relevant of available methods for food structure analysis 
(Kaláb et al., 1995) and for last few decades has been extensively used in studies on 
natural food nano- and microstructures e.g. starches (Fishman et al., 1995), casein 
micelles (Auty et al., 2005), whey proteins and fat globules (Relkin et al., 2006). 
Imaging methods are currently applied broadly in NP analysis as they can give 
information on many features of the NP characteristics which the coupled 
chromatography techniques described above cannot. Imaging provides data on NP 
morphology, distribution in the sample, agglomeration, chemical composition, 
presence and thickness of associated substances. Furthermore it can be used to help 
to understand the fate of NP in food products and determine the influence of their 
presence on sample structure (Castaneda et al., 2008). Imaging is also important for 
validation of other analytical methods which aim to characterize NPs (Tiede et al., 
2009a) and natural food nanostructures (e.g. Fishman et al., 1995). 
Light microscopy is not usually suitable for NP visualization because its resolving 
power is limited to 200 nm. The exception is near- field scanning optical microscope 
(NSOM) where resolutions as low as 12 nm can be obtained (Betzig et al., 1991). In 
NSOM, the nanometric tip of an optical probe is positioned close to the sample 
surface, interacting with it. The method is also suited for detection of fluorescent 
nano objects (e.g. Zhong et al., 2008).  
The fluorescence characteristics of some NPs may allow their detection by confocal 
laser scanning microscope (CLSM; e.g. Lewinski et al., 2010). This type of 
microscope is capable of optical sectioning of the sample by scanning across it with 
a focused beam of light. The resolving power of CLSM is usually limited to 200 nm, 
however, a recent application for 3D, real time tracking of fluorescent particles was 
able to obtain a lateral resolution of 15 nm and an axial resolution of 50 nm 
(Katayama et al., 2009).  
X-ray microscopes (XRM) can resolve up to 30 nm and, when combined with x-ray 
microtomography, 3D images can be obtained. In X-ray microtomography, images 
are obtained from sections of a sample using penetrating X-rays. XRM can be 
coupled to analytical techniques based on x-ray fluorescence for determination of a 
samples chemical composition. X-ray fluorescence microscopy has been used for 
example in studies on secretion and accumulation of intracellular Zn in mammary 
glands of mice where it enabled imaging and quantification of Zn transferred through 
the gland (McCormick et al., 2010) 
Another way of non-invasive imaging of a sample containing NPs is atomic force 
microscopy (AFM). This technique employs a nanometric mechanical probe which 
is scanned over the sample surface, recording its shape. AFM offers resolution down 
to 0.1 nm (Tiede et al., 2008). If a functionalized probe is used, data can also be 
generated on the chemical characteristics of an NP. This method is known as 
chemical force microscopy (CFM). CFM measurement is based on chemical 
interactions of the tip with the sample, enabling characterization of chemical 
heterogeneity of the imaged surface on a nanometric level (Ito et al., 2010).    
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The most commonly applied microscopy approaches for NP imaging are 
Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy 
(SEM). In TEM, the electron beam is accelerated with high voltage (80-400 kV) and 
passes through the nanometric layer of the sample. The resolution of these 
instruments can go down to 0.07 nm (Dudkiewicz et al., 2011). SEM offers a lower 
resolution of 1-3 nm but also a different image pattern in comparison to TEM. 
Images are formed by the detection of electrons scattered by the sample surface. 
Additionally, SEM can be coupled with focused ion beam (FIB-SEM), which 
enables sample sectioning and 3D imaging. Similar to SEM, scanning transmission 
electron microscope (STEM) scans the sample with a focused beam of electrons. 
However in STEM signal is obtained as in TEM from the electrons transmitted 
through the ultrathin specimen, and as in TEM, resolution of STEM reaches atomic 
level.  
Electron microscopes (EMs) in conventional modes operate under vacuum. 
Therefore food samples cannot usually be imaged without previous preparation 
(discussed in section 4.5). However, by modifying the way in which the sample is 
introduced to the conventional EM, imaging of food can be achieved. A range of 
approaches are available for doing this including cryo- and liquid EM. For cryo 
techniques (cryo- TEM, cryo- SEM, cryo- FIB-SEM), the sample is imaged when 
frozen. Liquid EM employs capsules (e.g. WetSEM
TM
) and chips which separate the 
hydrated sample from the vacuum chamber of conventional instruments. The sample 
is then imaged through electron transparent windows. Cryo-, environmental and 
liquid EM have been shown to be useful for analysis of ENPs in cosmetics, food and 
environmental media (Noronha et al., 2008; Tiede et al., 2009b; Lorenz et al., 2010), 
they do however have a lower resolving power in comparison to conventional TEM 
and SEM.    
An alternative approach to analyzing hydrated food samples is to use environmental 
SEMs and TEMs (ESEM, ETEM) which also allow a sample to be imaged in its 
original state. In these techniques, imaging takes place under a lower pressure than in 
conventional instruments. One limitation of these methods is that they do not operate 
under atmospheric pressure and so, only partially hydrated specimens can be viewed.  
Chemical characterization of the sample is possible by means of coupled 
spectrometers. The electron beam employed in EM excites the atoms with a 
specimen resulting in the emission of x-rays. The chemical composition of the 
sample can therefore be characterized based on the detection of x-ray radiation 
energy using energy dispersive spectroscopy (EDS) or wavelength dispersive 
spectroscopy (WDS). The energy loss of the electrons transmitted through the 
sample can also provide information on sample characteristics, this is the basis of 
electron energy loss spectrometry (EELS). Unlike EDS and WDS, EELS cannot be 
coupled to most types of EMs and is only compatible with TEM. 
3.4.3 Spectroscopy-based techniques 
Given the quick and easy sample preparation, a wealth of spectroscopic methods is 
widely applied for food residue analysis and quality control (Karoui & 
Debaerdemaeker, 2007). Some of these techniques can also provide information on 
the characteristics of NPs in food samples, including concentration, size, and 
structure (Valous et al., 2010). This section provides an overview of all the different 
spectroscopy-based methods that could be used to characterize nanoparticles in food 
matrices. 
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Scattering spectroscopy is the most common method applied to date for particle 
analysis (Dodds et al., 2004). It measures the amount of light that a substance 
scatters at certain wavelengths, incident angles, and polarization angles, where the 
interference patterns can be detected to measure the molecular weight and/or particle 
size. Dynamic light scattering (DLS, 3 - 1000 nm) is the main scattering techniques 
used for NP size measurements in liquids (Brar & Verma, in press) and provides data 
on PNC. The hydrodynamic diameter, indicating the apparent size of the dynamic 
hydrated/solvated particle (Kaszuba et al., 2007; Mishchenko, 2009), is also 
estimated. A similar approach is nanoparticle tracking analysis (NTA). In NTA, 
Brownian motion of individual particles is analyzed by video where the individual 
particle positional changes are tracked step by step via light-scattering centres in two 
dimensions (Kendall et al., 2009).  Some DLS and NTA instruments can also be 
used for zeta potential measurements by applying an electric field across the 
dispersion and measuring particle mobility. Both methods have the advantage that 
they require minimum sample consumption (<0.5 ml), are cost-effective, and quick, 
providing information on the NP size distribution in a sample within a few minutes 
(Kendall et al., 2009; Estevez et al., 2009). The main disadvantage of DLS is the 
limitation in size analysis of polydispersed samples. The disadvantage of NTA is that 
it can only characterize particles down to 30 nm. Both techniques are unspecific so 
would not distinguish between man-made and natural particles of the same size. The 
methods do not provide any information on the chemical characteristics of particles.  
The molecular weight (± 5%) and gyration radius of food or target NPs in food can 
be obtained by “classical light scattering” including static light scattering (SLS) and 
multiangle laser light scattering (MALLS) (Istarova et al., 2005). These methods are 
designed to detect the scattered light at different discrete angles to measure both 
molar mass and average size of particles in liquids (Brar & Verma, in press).  
Raman spectroscopy (RS) has been sub-characterized as both a light scattering and 
laser based technique. This technique is based on the Raman effect, which is a type 
of scattering formed after laser light impinges upon a molecule, which results in the 
energy of the laser photons being shifted up or down. This information can be 
collected for molecular identification, oxidation state, structure, and sizing analysis 
(Wong et al., 2009). Similarly, laser-induced fluorenscence (LIF) employs a laser 
beam to excite the studied species. The excited species will de-excite and emit light 
which can be measured to provide information on the molecules structure, species 
detection, and flow visualization (Lombardo-Agüí et al., 2010). Laser-induced 
breakdown detection (LIBD) is a new sensitive method for quantification of the size 
and number concentration of nanoparticles (< 50 nm) in aqueous systems at very low 
concentrations (Bundschuh et al., 2001). The measurement is achieved through 
investigation of the breakdown probabilities of the test medium i.e. the breakdown of 
dielectric properties caused by laser irradiation. X-ray scattering techniques are a 
family of analytical techniques which can reveal information about chemical 
composition, crystallographic structure, and grain size of samples based on 
observation of the scattering intensity of an X-ray beam after it hits a sample. X-ray 
Diffraction (XRD) is commonly used to identify single substances or a mix of 
unknown substances, by comparing diffraction data against a database maintained by 
the international centre for diffraction data (Zabar et al., 2008). With the advantages 
of minimal sample preparation, time efficiency (< 20 min per unknown mineral), 
wide availability and straight forward data interpretation, it has been widely used to 
characterize the crystallographic structure, grain size, and preferred orientation in 
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polycrystalline or powdered solid samples (Erdem et al., 2009; Zabar et al., 2008). 
However, the method is not very sensitive and has low resolution (100 - ~500 nm). 
Small angle neutron and x-ray scattering (SANS and SAXS) can be used to record 
the scattering of neutrons/x-rays at very low angles (typically 0.1 – 10o) which 
contains information about both the shape and size of particles (>1 nm), 
nanostrucutures and pore sizes (Zabar et al., 2008; Weisman et al., 2004). SANS can 
provide data on particle sizes in the range of 1 to a few hundreds nm (Lopez-Rubio 
& Gilbert, 2009) and SAXS 1-100 nm (Luykx et al., 2008). The materials can be 
tested under realistic conditions, e.g. solid or liquid. The method is accurate, non-
destructive and usually requires only a minimum amount of sample preparation 
(Lopez-Rubio & Gilbert, 2009; Bunjes & Unruh, 2007). SANS will be of particular 
interest in food science since it can easily differentiate various biological particles 
from the background (Li et al., 2008: Jarvie et al., 2009).  
Other widely used X-ray spectroscopy techniques include X-ray photoelectron 
(XPS), X-ray fluorescence (XRF), and X-ray absorption spectroscopy (XAS). XPS is 
very useful for surface and coating characterization of solid samples (e.g. NPs) due 
to the short range of photoelectrons exciting from solid samples (Tiede et al., 2008). 
XRF can be used to identify and quantify the element present in target samples e.g. 
solid, powdered or liquid samples.  
Nuclear magnetic resonance (NMR) can provide information on the detailed 
molecular structure and size of particles based on the observation of specific 
quantum mechanical magnetic properties of an atomic nucleus in the presence of an 
applied external magnetic field (Carter et al., 2005). Theoretically, NMR 
spectroscopy can be rapid, resolve almost any combination of compounds and most 
importantly it can detect a quantitative signal from nearly every food component 
with < 1 mg of sample. Ever since it was published as an ISO method for solid 
content measurement in 1993, NMR has been widely applied in a wide range of food 
safety applications broadly aimed at averting significant chemical, biological or 
microbiological threats to the food chain (Mariette, 2009). NMR has been used to 
explore the effects of NPs through integrated metabolomic analysis in heptotoxicity 
and nephrotoxicity studies (Lei et al., 2008) and has been used to explore protein-NP 
interactions (Calzolai et al., 2010), and intermolecular space characterization (Belotti 
et al., 2010). NMR is however time consuming, expensive, has low resolution and is 
insensitive ((Calzolai et al., 2010; le Feunteun & Mariette, 2007).  
The last resonance technique to mention is surface plasmon resonance (SPR), which 
is based on the excitation of surface plasmon by light, from which the nano-sized 
metallic structures from food matrix can be measured (Chaurasia et al., 2010). 
Other methods that have been widely applied and routinely used for the chemical 
identification and quantification include atomic absorption spectrometry (AAS), 
optical emission spectroscopy (OES); inductively coupled plasma-OES (Escudero et 
al., 2010); and ultraviolet-visible spectrophotometry (UV-VIS)  
3.4.4 Mass spectrometry 
Mass spectrometry (MS) is used in food analysis for quality and authenticity control 
of food products (Careri et al., 2002). The technique allows chemical and molecular 
mass characterization of sample components and detection at concentrations as low 
as one part per trillion. In the method, a sample is ionized by means of some form of 
ionization technique, the resulting ions are separated by their mass-to-charge ratio in 
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a mass analyzer and qualitatively and quantitatively analyzed by the detector system. 
Frequently used ion sources in food analysis include electrospray ionization (ESI), 
matrix assisted laser desorption ionization (MALDI) and inductively coupled plasma 
(ICP).  
ESI creates a spray of charged molecules from the dispersion. The technique allows 
ionization of large, non-volatile and ionisable particles like for example food 
macromolecules (Amad et al., 2000;  Luykx et al., 2008). MALDI analyzes surface 
of the solid sample by applying laser irradiation in a focused point. The laser induces 
evaporation and charging of the sample components. MALDI and ESI are considered 
‘soft’ ionization techniques- meaning that they do not fragment fragile molecules 
like organic food components. In contrast, ICP ionises atoms through application of 
a high temperature argon plasma. ICP is suitable for samples in the liquid state only 
and is broadly applied for trace metal analysis (Tiede et al., 2008).  
ESI, ICP and MALDI require a high vacuum for analysis. However, there are 
sources of ionisation available which can deal with the sample in ambient conditions 
and are suitable for all types of specimen - solid, liquid and gaseous. These 
techniques include desorption electrospray ionization (DESI) and direct analysis in 
real time (DART)). DESI and DART require no or minimal sample preparation. 
These methods were developed only recently and are promising solutions for in situ 
analysis of complex samples like food (Chen et al., 2010).  
There are several kinds of MS analyzers available e.g. time of flight (TOF), 
quadrupole, ion trap, Fourier transform, sector. They differ in resolution, mass 
accuracy and range of measured mass-to-charge ratios (Tiede et al., 2008). MS 
performs analysis of the elemental composition and mass concentration of sample 
components. As an example of instrument performance, the ICP-MS can acquire the 
mass spectrum of the plasma for almost the entire periodic table in just minutes with 
detection limits below 0.1 ug/L. 
Single particle mass spectrometry (SPMS) enables sizing of single particles. For 
example, in work on sodium chloride polydisperse NPs, SPMS provided data on 
both particle size and size distribution of NPs in a range of 30-150 nm (Lee et al., 
2005). SP-ICP-MS can be used in studies on metal based NP (e.g. Degueldre et al., 
2006)) to obtain size of particles as well as concentration measurements Low 
concentrations of samples are introduced to the ICP-MS, run in single particle mode, 
to achieve single particle spikes/events. MS systems can also be coupled with each 
other and used in tandem mode. This is done to achieve higher sensitivity of the 
method. In tandem setup, each MS isolates ions by their mass-to-charge ratio which 
allows more detailed analysis by the next MS in a sequence. This approach enables 
identification of individual subunits of the analyte. This method was used for the 
determination of surfactant NP fingerprints (Buse et al., 2010). 
MS can be combined with a range of size separation techniques (see section 4.1). A 
potentially useful combination for the characterization of organic NP could be the 
coupling of MS (usually employing MALDI or ESI depending on type of the 
sample) with ion-mobility spectrometry (IMS) (Luykx et al., 2008; Peters et al., in 
press). IMS separates ionised molecules based on their differential mobility in a 
carrier gas with an electric field applied. When joined with the MS technique, the 
method can separate the analyte based on size, shape and mass, providing chemical 
characterization at the same time. 
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3.4.5 Centrifugation, filtration and dialysis techniques 
Filtration, centrifugation and dialysis in studies on NP containing food products can 
be utilized as separation techniques for sample preparation. Filtration and 
centrifugation might be also used themselves as analytical methods for the size 
fractionation of NPs. 
Filtration is most commonly used as a preparative method for liquid foods, enabling 
investigation by other analytical techniques. Depending on the pore size filters may 
allow separation of NPs and other similar sized food components from larger solids. 
Nanofiltration with pore sizes below 1 nm can further separate the NP from 
dissolved substances such as salts (Hassellöv et al., 2008) which are commonly 
present in food products. Filtration can process large volumes of the sample in a 
short time. Application of a tangential flow further improves the effectiveness of 
filtration by slowing down the effect of filter clogging. Tangential flow filtration 
(also called cross flow filtration), combined with centrifugation, can even pre-
concentrate nanosized structures from 2 l of the sample down to 10-20 μl (Alonso et 
al., 1999). Filtration enables size fractionation of NPs (Akthakul et al., 2005), but 
because separation is only size-based, non-engineered food nanocomponents of 
similar sizes will always be retained in the purified phase with the NP of interest. In 
centrifugation, separation depends also on particle density. This offers improvement 
in NP separation from the food matrix especially for inorganic NPs which are made 
of heavier elements than the food components. Centrifugation as a sample 
preparation technique is applied in a range of analytical methods, separating coarse 
solids from supernatant containing NPs. For example, in microscopy, this approach 
can be employed as a preparation step for WetSEM
TM
 resulting in improved 
adhesion of specimen containing NP to the capsule membrane (Koh et al., 2008). 
Conventional centrifugation operates at forces which are not sufficient for 
sedimentation of NPs. Therefore for further separation of NPs from similar size or 
weight components in the matrix, ultracentrifugation is necessary. This technique 
achieves forces of up to 1 000 000 g (Tiede et al., 2008) and is able to fractionate 
NPs of different size, and even shape, chemical and physical properties in density 
gradient medium (Bai et al., 2010). Ultracentrifugation is also used as a sample 
preparation method for NP characterization techniques. For example TEM grids can 
be placed at the bottom of an ultracentrifuge tube and centrifuged with the NP 
dispersion to both enhance the distribution of analyte and to concentrate the sample 
on the grid (Dudkiewicz et al., 2011). Ultracentrifuges can also be equipped with 
optical detectors like refractive index or UV absorption. This method is called 
analytical ultracentrifugation (ANUC) and can characterize features of NP such as 
size, volume and density (Bootz et al., 2004).     
Dialysis separates sample components based on diffusion of the dissolved substances 
through a membrane. This technique is commonly used for purification of an NP 
dispersion form stabilising agents (e.g. Uboldi et al., 2009). Dialysis has been 
applied for the assessment of NP dissolution rates (Franklin et al., 2007). Like 
nanofiltration, this technique could be used for final purification of NPs from 
dissolved components of the food sample.  
3.4.6 Other detection techniques 
Brunanuer Emmett Teller (BET) can be used to measure the specific surface area of 
powdered nanoparticles (1 - >1000 nm) by adsorption of nitrogen gas onto the 
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particle surface and micropores. There are some other variants which are based on 
the adsorption of organic molecules (e.g. ethylene glycol monoethyl ether, EGME). 
The Scanning Mobility Particle Sizer (SMPS) used information on the mobility of a 
charged particle in an electric field to measure the particle size distribution, charge, 
and central rod voltage of an aerosol, which is a suspension of fine solid particles or 
liquid droplets in a gas. The particles are classified according to their ability to 
traverse an electrical field and are then counted by a Condensation Particle Counter 
(CPC), which itself is an instrument to measure the number of ultrafine particles (3 
to >5000 nm) by enlarging the particles through a condensing process. The number 
concentration within a certain size range can hence be determined within a few 
minutes. This instrument is able to measure particles with a size range of 3-1000 nm 
and a concentration range of 20-10,000,000 particles per ml
-1
. The major advantage 
of SMPS is the ease of portability and significantly lower power consumption whilst 
the disadvantage is the sample has to be in the aerosol form. 
Thermogravimetry (TG) is based on continuous recording of sample weight changes 
as a function of a combination of temperature with time, and additionally of pressure 
and gas composition. It is commonly employed to determine characteristics of 
materials, degradation temperatures, absorbed moisture content of materials, the 
level of inorganic and organic components in materials, decomposition points of 
explosives, and solvent residues.  
Differential thermal analysis (DTA) and Differential scanning calorimetry (DSC) 
measure the temperature difference and the heat flow difference between a sample 
and a reference material (subjected to the same temperature variation in a controlled 
atmosphere). They can be used to measure phase changes, melting, purity, 
evaporation, sublimation, crystallization, pyrolysis, heat capacity, polymerization, 
aggregation, compatibility, etc. The methods can be used to track the degradation 
process of nanoparticles by identifying the formed by-product, and simultaneously to 
inspect the food quality change along with addition of nanoparticles. 
Synchrotron is a powerful and expensive technique available for the nanoparticle 
detection, characterization, and quantification. Synchrotron radiation is generated by 
the acceleration of ultrarelativistic charged particles through the magnetic fields. The 
radiation produced may range over the entire electromagnetic spectrum (De Samber 
et al., 2008). It hence can be combined with techniques such as X-ray spectroscopy, 
X-ray Diffraction and Imaging, Infrared spectroscopy and X-ray Lithography for the 
measurement of size distribution, number concentration, structure determination, 
orientation and crystallinity and even protein crystallography (Jackson et al., 2009). 
With the high-energy electron beam, synchrotron can be used for structure 
characterization imaging, of either food or nanoparticles, from sub-nanometer level 
to micro and millimetre level. 
3.5 Detection and characterization of engineered 
nanoparticles in foods, beverages and nutraceuticals 
3.5.1 Sample preparation and digestion 
Most of the analytical techniques described above require samples to be pre-treated 
prior to analysis. One should be aware that any additional step of sample preparation 
could introduce artefacts or alter the form of an NP in a sample. Therefore sample 
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preparation should be always kept to a minimum. The preparation method should be 
selected based on the type of NP, matrix and analytical technique used.  
Separation techniques may simplify the detection of NPs. Restriction or exclusion of 
the food matrix from the NP suspension removes issues of sample homogeneity and 
may also concentrate the analyte, if the volume of the sample is significantly reduced 
without NP losses. Pre-concentration might be essential as a preparation step in cases 
where levels of NPs are likely to be low e.g. in food migration studies on NPs from 
food contact materials into the product. Also for some methods with high limits of 
detection (e.g. microscopy), pre- concentration is essential to allow detection and 
analysis of NPs.   
Separation of NPs from liquid samples can be achieved by ultracentrifugation, 
filtration, and chromatography-based techniques (Tiede et al., 2008). However these 
methods might not be able to exclude food components of the same size or similar 
dynamics from the NP of interest. Therefore other methods like extraction or 
digestion might need to be used to separate or aid separation by these techniques. 
If NPs can be found in one of the fractions of the sample, extraction would be a good 
way of sample preparation. In the literature, examples of extraction of fullerene C60 
from biological and environmental samples with toluene (Isaacson et al., 2007) and 
by solid- phase extraction can be found (Chen et al., 2008). The use of cloud point 
extraction has also been used as a pre-concentration method for silver NPs from 
environmental waters, which preserves the size and shape of the NPs (Liu et al., 
2009). However, extraction of organic NP can be more problematic, since the 
solvents used can disrupt their structure. The use of phase-transfer agents, which 
surround the particle and allow its relocation from an aqueous to an organic solvent 
environment may be suitable for extraction of organic NPs (Peters et al., in press). 
Another option for sample preparation for organic NPs is mechanical separation 
from liquid food samples by filtration or ultracentrifugation (see section 4.5).  
Separation of NP from solid samples may be difficult without changing their 
properties. For this purpose digestion methods can be used. Enzymatic hydrolysis is 
a very gentle method and can be applied for characterization of interactions of 
different fractions of an element with a food matrix (Bermejo et al., 2004). However, 
enzymatic hydrolysis is a time consuming process. Acceleration can be achieved by 
sonication. This proved to shorten proteolysis in yeasts (Capelo et al., 2004) and has 
been applied for recent studies on Selenium and its species in food supplements 
(Vale et al., 2010). On the other hand use of sonication may change the 
agglomeration state of NP. Therefore the method, though gentle and able to separate 
components of interest from the matrix, might not fully reveal all NP characteristics. 
This method most likely would destroy organic NPs, especially carbohydrates, lipids 
or proteins.  
Disintegration of sample structure and the dissolution of NPs by means of acid 
digestion might be also useful and is already practiced for NP mass concentration 
measurements. For example, for inorganic NP that are not commonly found in food 
products, like gold or silver, the sample can be fully digested and then analyzed for 
mass concentration of the element of interest by common available techniques. 
However, concentration measurements of nanoparticles based on total elemental 
quantification can lead to overestimates of NP concentrations as the measurement 
includes not only the NP form but also any non-NP form that is present in a sample. 
For example, silica NPs can be found in many food concentrates, but nanosilica 
constitutes only a part of the total silica content (Dekkers et al., 2010). Furthermore 
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silica does not dissolve in low pH (except of when hydrofluoric acid is used) but 
requires an alkaline environment for extraction. Therefore, in the case of this 
particular NP, acid digestion might be useful for removal of the sample matrix to 
separate the nanosilica from the rest of the biological sample (Tadjiki et al., 2008). 
However, it is anticipated that this method may also cause changes in NP 
characteristics.  
3.5.2 Chemical analysis of nanoparticles in food products 
The chemistry of an NP is a crucial characteristic influencing its properties. 
Depending on chemical composition, NPs can be used for food industry applications 
as antimicrobial agents (e.g. silver NPs), UV protection (e.g. TiO2 NPs), nano 
delivery systems (NDS) for increased bioavailability of nutrients and their targeted 
delivery.  
There are a number of methods that can help to characterize elemental composition 
of NPs which have already been discussed in section 4. However the problem is 
much more complex. Many NP systems are comprised of more than one element. 
These elements can be localised in different parts of the particle. For example the 
surface shell of the particle can consist of a different chemical from its core, or the 
whole NP can be divided into various chemical layers. Moreover NPs can be capped 
with stabilising agent or surrounded by residues of food matrix components after 
preparation of the sample.  In terms of NP reactivity and potential toxicity these 
characteristics are also important and may require determination.  
The most widely applied technique for NP chemical composition characterization is 
MS. By means of MS, evaluation of an NPs chemical formula is possible (Qian et 
al., 2010). MS in combination with IMS is able to distinguish between chemically 
homogenous and complex NPs (Jackson et al., 2005). Tandem MS can additionally 
provide fragmentation patterns characteristic for an analyzed NP indicating its 
fingerprint (Buse et al., 2010). This might be of use especially for organic NPs. 
Organic NPs embedded in a food matrix can be difficult to analyze because of 
similarity in elemental composition with the food components. Therefore, they might 
need to be separated from the sample prior to analysis. Detection and 
characterization of inorganic and metal based NPs is less problematic and there is 
also a wider range of methods available. All techniques that atomise the sample for 
analysis like AAS, OES, ICP-MS, ICP-OES may be useful for characterization of 
inorganic and metal based NPs, especially if elements of interest are not commonly 
present in the food product. The drawback is that the NP structure is disrupted and 
characterization of other features- like existence of chemical layers is not possible. 
However, analytical techniques coupled to electron microscopes may enable 
visualization of element layers within the particle by elemental mapping as presented 
for multishell Au/Ag NPs imaged by STEM/EDS (Rodríguez-González et al., 2005). 
Imaging techniques in combination with spectroscopic techniques such as EDS make 
it possible to localize chemically different NPs within a complex matrix and 
characterize their chemical composition as presented for industrial nano-
contaminants in bread and biscuits (Gatti et al., 2009). If an NP consists of high 
molecular weight elements, the contrast with the organic food matrix presented on 
the micrograph is also higher and this allows better imaging/detection. Detection of 
NPs in food by EM is often referred to as ‘looking for a needle in the haystack’ 
(Dudkiewicz et al. 2011). As discussed in section 4.2 these methods allow analysis 
of very scarce volume of the sample only and the limit of detection is quite high in 
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comparison to other analytical methods. Therefore, multi method analysis for 
chemical characterization of NP is a good solution. For example, asymmetrical flow 
FFF coupled to high resolution ICP-MS was applied for trace metal determination in 
NP extracted from riverbed sediment and TEM with EDS detection enabled analysis 
of single particles and interactions with heavy metals (Plathe et al., 2010).  
Since NPs are expected to interact with components of food matrices (EFSA, 2009) 
and easily adsorb proteins on their surfaces changing their composition (Lynch & 
Dawson, 2008), characterization of the surface chemistry of NPs is of particular 
interest. The surrounding layer of substances on the NP interface can be visualized 
with EM, however, characterisation of the chemical structure of the layer can be a 
problem. Analytical techniques coupled to EM can indicate elemental composition 
of this layer but are not able to identify its molecular structure. For this purpose 
NMR can be applied. This method has been used to identify acidic phosphorus-
containing ligands on the surface of CdSe NPs (Kopping & Patten, 2008) and 
interactions of protein- human Ubiquitin with Au NPs (Calzolai et al., 2010). NMR 
is an interesting technique for studies on food because it is non- destructive. 
Similarly, XRD does not require significant sample pre-treatment. This technique 
can identify crystalline molecules or mixtures of molecules based on their diffraction 
patterns (Luykx et al., 2008). Therefore, XRD can be useful for characterization of 
chemically complex NPs and identification of molecules surrounding these NPs on 
condition that structures of interest are crystalline.  
3.5.3 Size analysis of nanoparticles in food 
Size distribution can be measured with chromatography, FFF, CE, light scattering, 
SPMS, ANUC and also microscopy methods. For chromatography based techniques 
calibration is a must, since particle size is calculated from retention time. There are 
many challenges connected with calibration. Calibration standards should comprise 
stable and inert particles of known size and concentration. The stabilising agent 
should not increase the diameter of the particles, and their shape should be the same, 
preferably spherical. A current problem faced by those using these chromatography 
methods is the availability of such standards.  
In numerous studies methods enabling sizing of NPs are compared to each other and 
often provide different results. Various techniques may require different sample 
preparation which affects NP size and also expression of size itself varies between 
the methods. For example, methods like SEC, HDC, FFF, DLS, NTA measure the 
hydrodynamic diameter of NPs, whereas the radius of gyration is calculated from 
MALLS measurements (e.g.Fishman et al., 1996)). Size separation and light 
scattering techniques are also not able to distinguish between particles and 
substances located on its surface. In this case, size measurements include any 
possible substances from the food matrix that could surround the NP. EM might be 
able to visualize the actual core of an NP and distinguish it from surrounding 
elements of the food matrix. There is a range of negative stains available for contrast 
enhancement and visualization of organic food components. Also sample preparation 
for EM and AFM involving removal of water or freezing might affect size of 
especially organic strongly hydrated nano-structures such as starch particles, which, 
measured by SEC and MALS, have a higher radius of gyration in comparison to data 
from TEM analysis (Fishman et al., 1996). A similar effect was observed in studies 
on polyurethane NPs where data from DLS and AFM were compared (Zanetti-
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Ramos et al., 2009) and for poly (butyl cyanoacrylate) NP where SEM indicated a 
significantly shorter mean diameter than DLS and ANUC (Bootz et al., 2004). 
EM and AFM allow sizing of NPs within solid samples whereas other methods 
usually require separation of NP from the matrix, which also can affect NP size. 
Techniques like chromatography-based techniques use mobile phases to separate the 
sample, which might interact with NPs and affect their characteristics (Tiede et al., 
2008). Light scattering methods and ANUC can identify NPs in their original media, 
if  liquid does not contain any other solids and colloidal particles which would cause 
false positives. Food matrices do not meet these requirements. Therefore ANUC, 
which separates particles also based on their density, mass and shape may enable 
controlled purification of NPs from food components and subsequent analysis of the 
particles of interest. Also SANS can discriminate the background from the particle 
and enable measurement of NPs even in turbid media as demonstrated for SiO2 NPs 
with Fe3O4 core dispersed in real wastewater samples (Jarvie et al., 2009). However, 
compared to ANUC, this technique cannot not separate an analyte during 
measurement. SANS, SAXS and also TEM can enable determination of core and 
shell thickness in relevant NP systems (Riley et al., 2003; Kandar et al., 2009; 
Martin et al., 2008).  
3.5.4 Imaging of nanoparticles in food products 
A major drawback of imaging methods for characterization of NP in food products is 
the sampling, sample preparation and data interpretation, especially for electron 
microscopy techniques (Dudkiewicz et al., 2011). Sampling for imaging is 
challenging because the volume of the sample introduced for the analysis is quite 
small in comparison to many other analytical methods. Furthermore, conventional 
EM techniques require extensive sample preparation. These sample preparation 
methods for SEM, TEM, FIB-SEM and STEM can employ various ways of water 
removal from the specimen. Drying causes alterations in food samples and may also 
influence NP features (Domingos et al., 2009). Although chemical fixation followed 
by dehydration in ethanol/acetone and critical point drying or resin embedding better 
preserves the sample structure, it can also cause loss of food components (Kaláb & 
Larocque, 1996) and may remove NPs, especially if they are not associated with 
other sample components. 
 Some food products simply cannot be chemically fixed such as foods with high 
contents of saturated fat and carbohydrates. These products can be prepared for 
imaging by freezing and then imaged by cryo- EM. Freezing preserves well 
processed foods like cheese (Noronha et al., 2008), bread (Bárcenas & Rosell, 2006) 
or chocolate (James & Smith, 2009). However, samples with intact cellular 
structures can suffer damage from growing ice crystals. This damage can be 
minimised by using optimal freezing conditions which ensure preservation of sample 
structure of the specimen in 5-10 μm depth due to formation of amorphous ice, 
allowing detailed observation of unaltered specimen in cryo-SEM and cryo-TEM. 
A food sample in its unperturbed state can be viewed by environmental and liquid 
EM techniques. ESEM has found many applications for imaging of food products 
(James, 2009) and has been used for detection of metal based micro and nanosized 
contaminations in bakery products (Gatti et al., 2009). Liquid and environmental EM 
offers lower resolution than conventional and cryo- techniques, even down to 100 
nm, but provides important complementary information.  
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Light and x-ray microscopy as well as AFM do not need extensive sample 
preparation and therefore enable imaging of food samples close to their original 
status. Light microscopy even though its resolution is too low to image NPs can be 
useful as complementary imaging technique e.g. to check the homogeneity of the 
sample or select the area which may contain NP for high resolution imaging. Some 
NPs can be localized by light microscopy if their size is enhanced by deposition of 
silver ions – this method is called auto-metallography (Dudkiewicz et al. 2011).  
X-ray microscopy enables observation of the specimen in the fully hydrated state and 
unlike SEM does not need sectioning for 3D imaging of the sample. X-ray 
microtomography finds numerous applications in food science, for example in 
measurements and distribution of pores in chocolate (Haedelt et al., 2007), or bakery 
products (Adedeji & Ngadi, 2009; Babin et al., 2006). In food analysis this method 
is advantageous over EM because it is non-invasive, involves less preparation than 
EM and can be used in situ (Babin et al., 2006).  
AFM is regarded as ‘a powerful tool for nanofood production and research’ (Yang et 
al., 2007). It is widely used for characterization of natural food nanostructures and in 
nanomaterial science. AFM can characterize dry and fully liquid samples. Imaging 
of liquids, however, can pose a problem, because, if not fixed, particles will move 
and get attached to the tip causing imaging artefacts. Nevertheless the method 
provides high resolution imaging while avoiding many of the sample preparation 
challenges faced by EM. 
A general issue for all the imaging techniques is the extraction of data from the 
obtained micrographs. Since microscopy is supposed to provide representative 
information about the size and size distribution of the NPs in the sample it is 
important to characterize as many particles as possible. The number of NPs required 
to be characterized to give sufficient information varies and in some cases, thousands 
of NPs may need to be analyzed. Therefore, manual interpretation of micrographs is 
almost impossible and automated image analysis tools have to be applied for this 
purpose. The Definiens Developer
TM
 software is an example of such a tool used for 
analysis of TEM micrographs for imaging of NPs and biological samples (Tiede et 
al., 2009a; Tiede et al., 2010).  
3.5.5 Dissolution and aggregation measurement 
Particle dissolution and interactions such as agglomeration are important variables 
that will need to be assessed in order to understand the behaviour and risks of NPs in 
food. Agglomeration is defined as clustering of particles which is reversible to well 
dispersed state, while in aggregates clustering is non reversible (Prestidge & 
Ametov, 2000). The change of NP aggregation state can be measured by determining 
the changes in shape and size over time.  
EM techniques can be used to directly visualize NPs. Therefore EM can also indicate 
state of NP aggregation and agglomeration. As shown in Fig. 3.1, NP shape and size 
can be determined from EM images,. The distance between single particles, 
determined from micrographs by image analysis, can indicate agglomeration of 
nanoparticles in certain areas of the sample. Aggregation can be due to sample 
alterations introduced by the sample preparation methods used such as drying, during 
which suspensions of NPs tend to agglomerate and even aggregate due to the loss of 
dispersive phase and increases in attraction forces. 
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Fig. 3.1 TEM images present a. aggregation of silver nanoparticles and b. 
dispersed single silver nanoparticles 
 
Techniques that are able to measure both size and particle number concentrations, 
e.g. NTA, CPS, and SMPS, can also be used to evaluate the state of 
aggregation/agglomeration of NPs. (Kendall et al., 2009). Aggregation or 
agglomeration of NPs is indicated by a decrease in PNC and an increase in the mean 
diameter, while a break up of  agglomerates will result in PNC increase and the mean 
NP diameter decrease. If the PNC is stable, but the NP mean diameter decreases then 
this can indicate dissolution of NPs.  
In general, the measurement of dissolution and aggregation of NPs in food is 
complex, mainly due to the requirement for sample preparation, which often 
introduces sample alterations and therefore artefacts, and the difficulties in 
separating sample components, e.g. NPs from their ionic counterparts.  
3.5.6 Determination of other important features of nanoparticles in 
food 
Shape 
The shape of a NP is usually determined by an imaging method. However, it is also 
possible to get a rough idea on NP shape by size fractionation techniques coupled to 
light scattering detectors (e.g. asymmetrical FlowFFF-MALLS applied for the 
characterization of riverbed sediment NP by Plathe et al. (2010)). Furthermore it is 
possible to fractionate NPs based on shape using density gradient separation by 
ultracentrifugation. This approach has been successfully been applied in the 
separation of gold nanospheres in a dispersion with gold nanowires (Bai et al., 
2010).  
Surface charge 
Surface charge of an NP has an effect on its stability and reactivity. It will also have 
an influence on NP stability in the food environment. Based on particle mobility, the 
overall charge of a colloidal system and therefore its stability can be determined (; 
(see section 3.4.3; Tiede et al., 2008).  
Annex 2   
192 
 
Surface area  
Surface area of a NP will depend on its structural features, e.g. shape, porosity, 
crystallinity. Surface area can be determined by chemisorption based on methods 
like BET (See chapter 4.6). The higher the surface area to volume ratio, the higher 
the reactivity of an NP. The reactivity of an NP will have an impact on its fate in 
food products. A value of this property can be obtained by calculation as presented 
for gold NPs (Janz et al., 2010). In this study the authors determined the 
concentration of thiol (often used as stabilizing agent) interacting with the surface of 
gold NPs to calculate the specific surface area and compared the data with 
measurements obtained by TEM imaging.  A good correlation for these two methods 
was found. Surface-to-volume ratio can also be characterized by SAXS (Luykx et 
al., 2008).   
Structure 
Structure of NP is a very broad term and some structural features like shape or 
chemical layers (see section 5.2) of NPs have already been discussed in previous 
sections. Most of the structural information can be obtained by imaging techniques. 
The popularity of these methods emerges from the fact that structure analysis has to 
be performed on a single particle basis. A method often applied for the identification 
of crystal structures is XRD. For example, XRD in combination with SAXS was 
applied to investigate nanostructures in resistant starch type III during thermal 
treatments and cycling (Zabar et al., 2008).    
3.6 Future Trends 
Nanotechnology is still in the early stages of development in food industry 
applications. At the moment, the lack of knowledge concerning the risks of NPs in 
food and food related products: 1) potentially limits new product development; 2) 
means that consumers are concerned about the safety of NPs to their health; and 3) 
inhibits authorities in developing appropriate legislation. In order to develop 
knowledge on the risks of NPs, the development of methods for detecting and 
characterizing NPs in food is essential. 
As pointed out in this chapter there is no one available technique able to detect and 
characterize all the important features of NPs used in food, nutraceuticals and food 
additives at once. The use of a combination of methods for characterisation of NPs in 
food matrices is usually necessary. Future work will have to focus on the 
development and validation of methods for in situ analysis of NPs in food and 
adequate sample preparation for the available techniques. Pre- treatment of 
especially solid food samples is in most cases unavoidable, but care has to be taken 
to choose appropriate methods and develop applicable protocols that result in 
minimal disturbance of the NPs within a sample.  For the development of 
standardised analytical procedures and protocols, there is a need for size calibration 
standards and reference materials, which are not available at the moment. 
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3.8 Appendix: glossary 
 
AAS  Atomic absorption spectroscopy 
AFM  Atomic force microscopy 
ANUC  Analytical ultracentrifugation 
BET  Brunauer-Emmet-Teller chemisorption method 
CE  Capillary electrophoresis 
CFM  Chemical force microscopy 
CLSM  Caonfocal laser scanning microscopy 
CPC  Condensation particle counter 
DART  Direct analysis in a real time 
DESI  Desorption electrospray ionization 
DLS  Dynamic light scattering 
DSC  Differential scanning calorimetry 
DTA  Differential thermal analysis 
EDS  Energy-dispersive X-ray spectroscopy 
EELS  Electron energy loss spectroscopy 
EM  Electron microscopy 
EPR  Electron paramagnetic resonance 
ESEM  Environmental scanning electron microscopy 
ESI  Electrospray ionization 
ETEM  Environmental transmission electron microscopy 
FIB  Focused ion beam 
FFF  Field flow fractionation 
HDC  Hydrodynamic chromatography 
ICP  Inductively coupled plasma 
IMS  Ion mobility spectrometry 
LIBD  Laser-induced breakdown detection 
LIF  Laser-induced fluorescence 
MALDI Matrix assisted desorption ionization 
MALLS Multiangle laser light scattering 
MS  Mass spectrometry 
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NDS  Nanodelivery systems 
NMR  Nuclear magnetic resonance 
NP  Nanoparticle 
NSOM  Near-field scanning optical microscopy 
OES  Optical emission spectroscopy 
PNC  Particle number concentration 
RLS  Resonance light scattering 
RS  Raman spectroscopy 
SANS  Small angle neutron scattering 
SAXS  Small angle X-ray scattering 
SEC  Size exclusion chromatorgraphy 
SEM  Scanning electron microscopy 
SLS  Static light scattering 
SMPS  Scanning mobility particle sizer 
SPMS  Single particle mass spectrometry 
SPR  Surface plasmon resonance 
STEM  Scanning transmission electron microscopy 
TEM  Transmission electron microscopy 
TG  Thermogravimetry 
TOF  Time of flight 
UV-VIS Ultraviolet-visible spectrophotometry 
WDS  Wavelength-dispersive X-ray spectroscopy 
XAS  X-ray absorption spectroscopy 
XPS  X-ray photoelectron spectroscopy 
XRD  X-ray diffraction 
XRF  X-ray fluorescence spectroscopy 
XRM  X-ray microscopy 
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